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\ I 
Ab tract 
AI [ Ia) er i located in the north a t of  I in area. Ea tern region of the ni ted rab 
l:mirate . Groundwater ab tracti n for dome t ic .  agricul tural and industrial use ha led 
to major depletion in the aquifer re ult ing in groundv, ater qual it) d teriorat ion. This stud) 
aim t identi C) the fa tor affect ing the groundwater qual i ty in thi area. and to d te1l11 i ne 
the recharge 111 chani m for the tud) ar a to under tand the behaviour of major ion in 
regional ground\\ ater b) using h) dr g ochemical and i otopic approache . The 
h} drochemical anal) i of 3 7  col lected sample of groundv,ater revealed that the 
ground\\'ater i characterized by moderate a l in i ty and high concentration of cadmium in  
ome of the ample . Th refore. AI Hay r ground\.\ ater i not suitable for dome t i c  u e . 
roundwater ampl were e\ aluated for agricul tural use by calculation of SAR. TH.  
a+ percentage and iv1 R,  B) using these parameters, Al Hayer groundwater wa found 
to be acceptable for agricultural purpo es in 60% of the amples, Three water geneses 
haw been identi fied: the fir t one is paleo-marine water. which i originated from 
magne ium chloride water ty pe. indicating over pumping of deep water. The second is  
meteoric \\.ater. \.\ hich i originated from sodium sulphate-v;ater type, indicat ing an 
occurrenc of  infi l tration of rainfa l l  and ion exchange proce se . The third one is  meteoric 
water. which i s  originated from sodium bicarbonate-water type, found only in  few 
ample . The hydrochemical analyses howed that the dominance of  sodium and chloride 
in the area i du to agricultural effluents and provides ind ication of moderate-to-high 
sal in i ty \\ ater i n  the tudied area. I sotope analyse of hydrogen and oxygen of twent -
n ine ground\vater samples suggested that the study area has two d i fferent zones. The fir t 
one i s  represented by majority of  groundwater samples and located below the LMWL and 
to the we t of the study area, which sugge ts high rate of evaporation, Meanv,hi le, the 
second zone is  located above the LMWL and to the east of  the study area in  c lose 
proximity to 011hem Oman Mountains. which reveal s  quick infi l trat ion to rainfa l l  into 
major aqui fer of the study area without evaporation, 
Key,vords: Groundwater qual i ty ,  hydrogeochemical analysi s, water genesis, Al Hayer 
area, the UAE. 
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C ha pter 1: Introduction 
1 . 1 .  0 en' iew 
y.., aler i an e sel1l ial bio-re ource for a l l  l i fe form . The fre Inv ater re ource are I than 
1 °-0 and about 0 .0 1 %  or al l  � at r on the Earth ( WW P.  20 1 0 ) . The U E i among 
tho e countrie in the 1idd le Ea t and orth Africa (MENA)  facing seriou v. ater 
hortage . Rapid de\ elopment in the e countrie require addi t ional amount of water to 
meet the increased demands for d ifferent ector . The AE' alU1ual water share per capita 
i ' le than 200 m3 ( rman and Murad. 20 1 2 ) . wherea the total water withdrawal p r 
1 .000 m3 in  ) ear :WOO \\ as 2 . 3  m3 (AFED. 20 1 0 ) .  
H igh le\ e ls of water scarcity are evident throughout the country . Due to water's 
e ential role i n  upporting a l l  fom1s of l i fe, the su tainable management of water 
re ource i a major concem for a l l  dec is ion maker . stakeholders and c ientists in the 
U E .  Regional and national governments have implemented water supply techniques to 
manage the quant i ty and the qual ity of \vater. ensur ing an adequate supply of water for 
each per on within the scope of the country's progressive de elopment. 
1.2. Location and Sett ing of the UAE 
The n i ted Arab Emirates is located in the outh-eastern pali of the Arabian Peninsula 
between lat i tudes 22° 40' and 26° 00' N and longi tudes 5 1  ° 00' and 56° 00' E .  The Arabian 
Gulf bounds the country from the north. Sultanate of Oman from the south and Saudi 
Arabia from the \ve t ( Fig .  1 . 1 ) . The country occupies an area of about 83 ,  600km2 . The 
study area namel y  AI Hayer is  si tuated with in  the northern part of the Al Ain area and the 
north-eastern part of the Abu Dhabi Emirate ( Figure 1 . 2 ) .  The area of Al Hayer is 20km2 . 
Egypt 
Sudan 
Saudi Arab'a 
) -- r:! 
� - �--
r---� / \-.-----J ArabianS •• ( 
Figure 1: l ap of the Arabian Penin ula shov.:ing the location of the UAE 
United Arab Emirates 
Figure 2 :  Satel l i te image of UAE showing the study area 
N 
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1.3 .  C l i mate  Cond i t i on  
The c l imate of  the country i de  cribed a an arid that i imi lar to mo t countri s in  the 
\ l iddle [a ·t and lorth frica ( M E  ) region. The arid c l imate i main ly haracterized 
by I \\ amount of rainfal l  or precipi tation and heav) rate of evaporat ion. \\ hieh is 
as 0 iated \\ ith high temperature . The natural c l imat ic cond it ions have a negative impact 
on a\ ai labi l i ty of ground\', ater in the area. 0, the Emirate of Abu Dhabi has a rainfal l  of 
I e 's than 1 00 I11m/) ear ( heri f et a I . ,  20 H ) .  
1eteorologica! data of temperature. rainfal L humidi ty. and wind speed were 
obtained from the at iona! e ntre of Meteorology and ei mology (NCM ) .  Uni ted rab 
Emirate from the period of 2005 to 20 1 4  ( table 1 . 1 )  The deta i led de eription of the 
c l imate data of the tudy ar a is hown in Table I .  (UAE National Centre of Meteorology 
and e i  mology. 20 1 5 )  
A I  Faqa 
Relative H u m idity ( % )  Wind Speed ( Km\h) Rainfal l  Year Tem p· l°C ]  lm nl}, 
Mean Mean Mean Sum 
2005 27 . 8  49 8 . 8  22 . 6  
f---. ... _._ .. -
r-----.-.------- -. --_._._------
2006 27 .9  48  9 .0  1 60 .8 
2007 28 . 0  48  9 . 0  47 .6 
.. .. - ------
'>008 27 .5  48 8 .8  222 .6 
2009 27 .9 5 ]  8 . 8  1 77 .2 
- - .. -. .. _--- -_.- ---.---
20 1 0  28 .4 54 8 .9  24.4 
20 1 1 28 .0  57  9 . 1 1 08 . 8  
- I-- '-r-' 
20 1 2  ') 8 . 1 6 1  9 .2 27.0 
20 1 3  27 . 3  68 9 . 1 82 .4 
----- ---_. _  ... 1-' .. _-
20 1 4  27 .6  53 8 .6 1 2 1 .2 
Table ] : C l imate data of Al Faqa area in  d i fferent years 
1 . 4 .  Tem p e ratu re 
The cook t month r the ) ear i .lanuar) . \\- h i l e  .l u i )  i s  the hottest month. The annual mean 
temperature in the stud) area range from 27 .  0 to 28 .4 .  The a\ erage maximum air 
temperature of  the tud) area i about 28 a hown in F i gure 3 .  
28 6 
28 4 
U 28 2 
0 28 C � 
0 27.8 
a. 
E 27 6 <lJ 
f0-
e 
ro 27.4 
� 27.2 
7.0 
26 8 
2005 2005 2007 2008 2009 2010 2011 2012 2013 2014 
Year 
F igure 3 :  Mean Temperature. [0C] for d i fferent years in Al Faqa area 
(The E 1 ational Centre of Meteorolog) and eisrnolog) (NCM ) Ma) 20 1 5) 
1 . 5 .  H u  m id ity 
Relative humidi ty i s  h igh i n  the coastal areas. where the alU1Ual a erage reaches 60%. 
This \ a lue however. dec l i ne sharply to\\"ards the in land from the coastl i ne where it 
annual average reaches 3 9%. Based on the UAE meteorological data. re lat ive humidi ty 
wa h igh i n  the study area ranging between 48 and 68% with an average of 5 3 . 7% as 
sho\\11 i n  F igure 4 .  
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Figure 4: Mean Relat iye Humidity percentage for different year in AI Faga 
(The E ational entre of Meteorolog) and ei molog y CM ) Ma) 20 15 ) 
1 . 6 .  W i n d  S peed 
Wind peed i general l y  l ight to m derate and its annual mean i s  9 km/hr ( ee Table 1 ) . 
There i a tend en y for wind to be stronger between March and August. The predominant 
\\ ind d irect ion are from the I10Ithwest to the outh and southea t .  The trongest winds 
are :D I t  along the Gu lf  of Oman fol lowed by the mountainou regions. The \ ind peed 
range from 8 to 9 .5  km/br i n  the study area as sho"" n in Figure 5 .  
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F igure 5 :  Mean Wind Speed ( km\h ) for d i fferent years in Al  Faqa 
( The UAE ational Centre of Meteorology and Seismology (NCM ) May 20 ] 5) 
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1 .  7. R a i n fa l l  
Ba  'cd on rainfal l  data from :W05 10 20 1 4. the annual rainfa l l  amount in I Faqa area. 
\\ hieh located i n  about 1 5  km2 from the tud} area. varied betv, een 22 .6  111m in :2005 to 
1 2 1 . :2 mm in 20 1 4 . The maximum annual average of rainfa l l  in I Faqa region wa 222 .6  
111m in 2008.  \\ herea the mi n imum al1J1 ual a\ erage was 22 .6  in  2005 a ShOV,l1 in  Figure 
6. Larg amount of rainfa l l  are 10 t due to the e\ apora1ion proce duri ng the 
accumulat ion on the urface. wh i le  ome in fi l trate to the ground and contributes to the 
groundwater. 
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Figure 6: Annual mean rainfa l l  i n  Al Faqa area 
( The UAE ational Centre of Meteorolog) and Sei mology CM ) Ma) 2015 ) 
1 .8. Water Resources i n  the UAE 
T\\ 0 c lassificat ions of water resources i n  the country are designated as conventional and 
non-conventional \vater resources. Seasonal floods. springs, A/alaj and groundwater make 
up the com'ent ional water resources in the UAE.  Springs and A/alaj went dry due to the 
harsh c l imate of the UAE and the heavy use of groundwater; whereas, seasonal floods are 
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a<.;sociatcd \\ i th hort. hea\ ) period of rainfal l .  The ne\\ adyent of  de a l inated \\ ater and 
treated \\ a. te\\ ater account for the non-com'entional water re ource , 
[he CAE and other GCC countrie ba\ e on istent l) rel ied upon groundwater as 
their main w ater re ource, Over t im . de a l inated water seemed a viable ground\\'ater 
ub t i tute for pract ical u e in the E and other adjacent countrie , Howev er. the U Els 
com ersi n [rom ground\\ ater dependency to de a l i nated water dependency has enou 
impl ication on the soc ial and economic l i fe of the people, 
1.9.  State m e n t  of P rob l em 
Ground\\ ater i s  one of  the conventional water r e  ources i n  the world .  H uman act i\ ' i t ie 
and c i \  i l izat ion were concentrated around the sources of water throughout h istory, In the 
UAE. these unpialmed human act i v i t ies and increasing economic developments appl ied 
huge tre on groundwater resources. One of  the important land u es in AI-Hayer comes 
from it agricu l tural pract ice . \vhich have increased over the l ast few decades due to the 
encouragement of  the go\'enm1ent .  Also. agricul tural act iv i t ie \vere the mai n sources of 
food and income o[ anc ient people in th is region, 
Al Hayer i s  one of  the i ITigated areas that witnessed a change i n  the size of 
cul ti vation,  Based on as essment of 2004 Landsat imagery of  Abu Dhabi Emirate. the 
grov.1.h of i rr igated areas in the Emirate had tabi l ized and had sl ight ly decreased i n  some 
areas . This decrease m ight be attributed to the variabi l i ty in the measurement techniques 
and not to the actual decrease in the i rrigated areas (M ichael and Juanito 2006) ,  Table 2 
shows the total i rrigated area of vegetable and feed m i l l s  in  Al  Hayer area. and i t  i s  c lear 
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that i rrigated area [or \ egetable and feed mi l l  decrea ed from 8 .:26  km2 in  :200 1 '2002 
to 1 .97 km2 in :2005 :2006. 
Y ea r  Tota l  i r riga ted a rea ( k m 2 )  No. o f  Farm 
2000 200 1 7 . 7  3 74 
200 1  200:2 8 .26 3 79 
200212003 6.06 392 
200 "  2004 2 .84 407 
2004/200: 2 . 75 4 1 8  
2005 2006 1 .97 42 1 
Table _ :  Total i rrigated area and fam1snumber in  1 Hay r area 
Hovve\ er. the number of farm in Al Hayer ha increa ed from 3 74 in 20001200 1 
to .. Q 1 i n  2005/_006 (ADC. 2007) .  The inc rea ing number of fann indicated that the 
actual i rrigated area i ncrea ed in the tudy area over time. which led to a decrease in the 
planted vegetable and feed mi l l s  \ h i le  increasing other local wild plants. All water 
requirements for agricu l tural purpo e \vere extracted heavi ly from the groundwater. 
Groundv. ater abstraction for domestic . agricu lturaL and i ndustrial uses has led to major 
depletion in the aqu i fer. resu l t ing in  groundwater qual i ty deterioration .  
10st of  the wel l s  in  the area. which belong to National Dri l l i ng Company (NDC­
Al A in )  and Abu Dhabi Water and E lectric i ty Authority (ADWEA), went dry due to the 
severe reduction of  water quantity of  the aqui fer. Because of  wel ls  drying. most of  these 
wel l s  v,ere c losed. This reduction has led to an i ncrease i n  sal ini ty, which has 
progressivel become more sal i ne with t ime. of groundwater in the region. In addit ion. 
9 
increas ing the cul t i \ at d area of I Ha) er ha int roduced ground\\ ater contamination. I t  
i c lear that agricul tural acti \ i t ie  are playing a igni ficant role to the problems related to 
the ground\\ akr through inten e u e of agricultur and hea\ ) ab tracti n of ground\\ ater. 
Therefore. redu ing the effect of d pletion of major aqu ifer in the area i a major 
chal lenge that face the AE. Imbalance betwe n the recharge and di charge in the tudy 
area ha led to redu ing the number of uppl ied \\ e l l . ccord ing to the l Ain 
Oi  tribution Compan) tat ist ic . the total number of wel l s  in I Hayer area reduced from 
43 in 1 999 to 5 in :WO - a hO\vl1 in  F igure 7:  \\ hereas. average number of working wel l s  
r duced from 3 5  i n  1 999 to  _ in  2005 as  hown i n  F igure 8 .  
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Figure 7: The total number of wel l s  in Al Hayer Area 
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Figure 8 :  Total a\'erage number of v, or king \\-el l s  in  Al Hayer area 
The above t\\ 0 F igures related to the number of working wel ls  could indicate that 
the quantity of groundwater in major aqu ifers reduced dramatical l y  in the area. 
Groundv, ater in the tudy area has deteriorated over t ime. The sources of groundwater 
deteri orat ion need to be i nvest igated in detai l .  The potent ial contributions to the 
deteriorat ion of grolmdwater qual i ty are the natural c l imate conditions. which 
a companies human acti v i t ies. 
1 . 1 0. Objectives 
I t  found that the demand of water for domestic and i rrigat ion purposes are growing very 
fast and is causing over pumping of the water resources in d i fferent regions such as 
Meke l le  region i n  northern Ethiopia (Abreha. 20 1 4 ) .  Also. study showed that the results 
of several i sotopic and age dat i ng used tool s  in to re eal the origin of recharge water i n  
ouss-Massa region of western Morocco ( Baouchaou e t  al . .  200 7 ) .  Moreover, the 
suitabi l i ty of water for i rr igation is determ ined based on AR. a+ percentage and sal i n ity 
1 1  
ha/ard . In  addit ion t \\ ater qual i t) . other [actor l i ke oi l  t) pe. crop type. crop pattern. 
fn:quenc) and recharge ( rainfal l ) . c l imate. etc . have an important role to play in 
dctenn in ing the uitab i l i t) [ \\ ater ( ada h i \ aiah. et a l .  2008 ) .  
The mam object i\  e [ thi tUd) 
groUnd\\ akr or  Al Hay er area. north [ 
to characterile the chemical qual i ty of 
In area. E. Periodic as essment [or 
ground\\ ater resource i e ential in arid regions uch as ni ted rab Emirates ( AE ) .  
Asse ment of ground\\ atcr re ource \\ i l l  help planners and decis ion makers to properly 
mea ure and take act ion to\\ ards the deterioration of re ources( Bu)1aert et al . .  20 1 2 ) . 
hemical anal)' i accompanied with table isotope measurements for oxygen and 
h) drogen \\ i l l  be u ed to meet the objecti \'e of thi s  study. 
Groundwater characterizat ion can be achieved through the fol lowing sub­
object i v e of  the stud) : 
1 )  I dent ifying the factor affect ing groundwater qual i ty u ing field and chemical 
analy e for col lected groundv.:ater samples. In  addi t ion to that. stable isotopes of 
oxygen and bydrogen wi l l  be used as supplemental tools  to determine factors 
affecting the qual ity of groundwater such as e aporat ion. seawater intrusion. 
m ixing process . . .  etc . 
2 )  Detemlin ing the recharge mechanisms i n  the study area using stable i sotopes of 
OX) gen and hydrogen. nderstanding the behaviour of major ions in  regional 
groundwater with the chemical measurement of the col lected groundwater 
samples. 
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3 )  Thi objecti \ (� can be achie\ ed through combinat ions of chemical anal) e for 
col lected groundv, ater. hem ical rat io bet\\ een d ifferent el ment \\ i l l  be al 0 
con tructed in ord r to under tand th b ha\' iour of groundv, ater can t i tutes and 
ho\\ it i ntera t \\ ith aqu i fer material and other source of "'·ater. 
Ground\\ ater deteriorat ion could be affected b) natural and antlu·opogenic source 
of ground\\ ater. One of the major natural source of deteriorat ing groundwater qual ity i s  
evaporat ion and e\ apotranspirat ion. Other natural factors, which might be affect ing the 
qual i t .  of groundwater. are the l i thological con t i tutes. such a the presence of alty 
la) er . g) p um. and hal i te la) er . 
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C ha pter 2 :  Geo)ogy and Hydrogeology 
2 . 1 .  G eology 
Large area of  the I I  E are co\ ered b) Quaternary diment , wh i le o lder bedrock 
main l )  outcrop in the Hajar 1 untain and Mu  andam Peninsula in the ea tem U E .  The 
geo logy or the C E comprise six maj r component (Abdelghany, 2006 ) a ho\\ n in 
Figure 9, inc lud ing :  i )  The Late retaceou of Omall- E Ophiol ite. i i )  The Middle 
Permian t pper Cretaceous carbonate platform sequence exposed in the n0l1hern part 
of thc U E ( Hajar uper Group) ,  i i i ) defonned equence of l imestone. and deep-water 
ediment \\ i th minor \olcanic rocks of the Dibba and Hatta Zones, iv) Poly-deformed 
sequenc of metamorphic rock in Ma afi - I  ma and Bani Hamid areas. v )  younger Late 
retaceous to Paleogene coyer equence in the \\'estern edge of the Hajar Mountains, and 
y i )  The Quaternary aeo l ian .  fluvial and marine depo its .  
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Lithostratigraphic chart of the Northern Emirates (modified from Abdelgha ny. 2006). 
Figure 9 :  The l ithostratigraphic chart of the northern emirates 
Tertiary 
Rock 
Unlt� 
1 4  
:\1 l l a: cr area i I at d north a t of 1 - i n  it) and outhwe t of Dubai city. 
along the h ighv. a) hetv\ een the mo ci t ie . The area of tudy l ie  at lat itude 24° .35°  and 
I ngitud - 5'"' .45°  E and ha an ele\ ati n of approximately 50 meter abo\ e sea level ( ee 
I igure 2 ) . It i a de ert area of and dune epa rated by lower lying interdune areas of 
gra\ el and and f lat \\ i th 10\\ dune . I Hayer d istrict i a [amou of agricu l ture. mo t l .  
pr i\ ate farm \\ ith h igh production rat and are si ted bet\\ en dune ridges. The geology 
o r  A I  Hayer area i mainly Quatemar: ed iments. These ediments inc lude aeol ian and. 
11m ial. al l uvial fan and Wadi deposit ( Fig .  2 . 2 ) .  The type and pattern of these deposits 
area \ ar) according to the \\' ind regime. local rel ief and and upply ( Embabi ,  1 992 ) .  
2.2.  Aeo l i a n  Sa n d  
The Aeol ian sand fom1 dun ridges, which are compo ed of wel l - orted and fine-grained 
and . The IQ\\' dune are found between main dunes, flat and widespread and the height 
of the e dune is I e  than 1 0m.  The a l l uvial fan deposits were covered most of the study 
area. The morphology and sedimentology of th se depo it were changed a di tance from 
the mounta ins front increa ed as i l l ustrated in  F igure 1 0  ( Styles et a 1 . .  2006) .  
2 .3 .  Al luv ia l  Fa n Depos i ts 
These depo i t  are dominated by ophio l i t ic  materials and smal l  quant i t ies of l imestone 
materia l  exi t which comes from the mountain front of the area. Towards the mountain 
front .  the fan deposits are poorly sorted, very coarse to coarse-grained. cross bedded and 
imbricated conglomerates. The gravels comprise with fewer amounts of gabbros. A lso. 
the a l luvial fan gravel m ixed deposits appeared in  the interdunes areas ( Styles et a!. . 2006). 
rhe \\ ad i depo it are mainl) con i t of poor! )  - ort d .  mix of and and gra\'el \\ hich come 
1'rom bedr ck and older a l luv ial and telTace depo it a i l l ustrated in Figure 1 0 . 
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Figure 1 0 : Geologic map of the study area 
2.4.  Hydrogeology 
The Geology and geomorphology have been impacted the hydrogeology of the study area 
t hrough the d irect i nteract ion between the water holding in the aqu ifer and the ediments 
of the aqu ifer. Al  Hayer is characterised by harsh c l imate, which is  introduced in deta i l  in 
1 6 
chaptcr onc. ha� igni ficant in fluence on the hy drogeology and thi affe t i reflected in  
both the quant i ty and qual i t) of the gr  und\\ ater. Th lack of uffic ient amount of rainfa l l  
i n  the tud) area l imi t  d the urface \ \  ater t the inten e period of rainfal l \ \  h ieh might 
happen c\ cr) 1 0  y ears ( R izh. & E I -Etr. 1 997 ) .  
Agricu l ture act i \  i t ies are the main contributor to  the problem of groundwater 
qual i ty and quantit) . Decrea ing the i rrigated areas of \ egetables and feed m i l ls in Al 
Hay er area from 826 .75 hectare in 200 1 /2002 to about 1 97 .6 hectares in 200512006 ( see 
Table 1 )  i s  a c lear indicat ion for the reduction of the groundwater quant ity. Because of 
10\\ amount of rainfal l .  the recharge to major aqu ifers in the area is  reduced with t ime due 
to imbalance betv" een the recharge and d ischarge. The groundv,:ater production in  Al  
Ha) er area i reduced from 1 03 3 . 7  m i l l ion gal lon in  y ear 2000 to 3 3 . 3  mi l l ion gal lons i n  
2005 a hO\\1  i n  F igure 1 1 ( DC. 2007 ) .  
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Figure 1 1 : Total production of groundwater in  Al Hayer area 
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'\s mentioned pre\ lOU 1) . the tud) area i s  I cated in the arid zone in \\ hich 
rainfa l l  is i rregular in pa e and t ime. bout 800 0 of gr und\\ ater used in bu Dhabi 
Emirate i '  m stly bracki h and de a l ined (ADWE . 2005 ) .  Ther are � ur main aqu ifers 
ex ist ing in the l' . inc luding fra tured ophiol i te aqu ifer in the ea L gravel plain aqu i fl IS. 
\\ hich nank ing the ea tern mountai n range on th a t and west. and dune aquifers in 
the south and \\ e t and l ime tone aqu ifer in the north and south east of AE ( Rizk & E1 -
Etr. 1 997.  1 harhan et a ! . .  2003 ) .  The main aqu ifer uni t  that exist in  I Hayer area are 
Quatemary and and gra\ el aqu i  fer underla in by mud tone and shale in the east. These 
aqu i fer underlain by the pper Fares Format ion a ba al unit to the west of the Al Hayer 
a een from the h) drological map of the tudy area as shO\\1  i n  F igure 1 2  (GTZ. 2005a) .  
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F igure 1 2 : The hydrogeological map of Al Hayer area 
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T\\ o \\ e l l s  v, ere 'elected from the tud) area: one from the east ( wel l  #7472 ) . and 
nc from \\ c t id ( \\ e l l  ' . 7548 ) as  de ignated b)  E 0 ( 2007 ). The con-elation of  the 
t\\ O  \\ e l l  h \\ that the l i tholog) of the fi r t \\ e l l  i and tone. gravel .  l ime tone and 
marl stone. fhe total depth of thi \\ e l l  i 27 .4'"  meters . while the l i thology of the second 
\\ c l l ho\\ ' that the l i tholog) of and tone. s i l t  tone. marlstone, c laystone. i l t  tone. 
marl tone, c ia) tone and marlst ne. The total depth of the econd wel l is 206.2 meter as 
i l l u  trat d in F igure 1 ' . a \"'e l l  a g i \  es a picture of hydrogeological feature of the 
elected \\ e l l  . 
The \\ ater can b found at a depth between 1 4  and 60 meters below the sea level .  
The groundv, ater in I Hayer area i moving from the east ( Oman Mountains )  to the we t 
( TD -lJ G . 200 - ) .  The hydraul i c  properties of the aqu i fer in  the Shldy area are varying. 
The e t imated tran 111i s iv ity for mo t areas of tbe Quaternary aqu ifer of the study area is 
greater than 500 m�/day. while some areas to the west of A l  Hayer area has a 
tran miss iv ity i n  the range of 1 00 to 500 m2/day. The pec ific yie ld of the aqu i fer ranges 
from 1 .+0 to 2.3'+9. Hov,·ever. the wel l specific  capacity of the aqu i fer is varied from 29 to 
3 7  (m2 day ( Bright & S i l va. 1 998 ) .  
Most of the quantit ies of groundwater abstraction in  Al  Hayer area are u ed  for 
agricu l tural purposes. The estimated water used for agricul ture in  Al  Ghammadh area, 
v,,'est of Al Hayer was 3 . 3  m i l l ion m 3 in 1 987. and it increased to 4 .2  m i l l ion m 3 in 1 99 1  
( DC-USGS.  1 992) .  The main source of recharge to the study area i s  the rainfal l  that 
occurred in the Oman Mountains. which is located to the east of the study area. In addit ion, 
1 9  
the i n fi l trat ion of rai nfa l l  m interdune area and gray I plain could re harge the 
Qualemar) aqu ifer or the study area. 
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F igure 1 3 : Correlation between wel l  number ( 7472)  and wel l  number ( 7548 ) cross 
sect ion 
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Th�re are other ource of aqu ifer recharge in  the tudy area. The e source inc lude 
return 110\\ . upward from deeper rocks and infi ltrat ion of water that 10 t from water 
transmi ' i  n l i ne' ( uaimi .  2003 ) .  roundwater pumping i con idered the mam 
IlH.:chani m for groundwater d i  charge in the tud) area. Hea\ i l )  i rrigation pract ice u ed 
the ground\\ ater of A I  l I a) er. [he total depth of the wel l  i n  the tudy area ranged from 
1 30 111 to 550  m (ADC. 2007 ) .  I t  wa. ob erved that the ground\\ ater pumpi ng in the UAE 
rose in  recent y ear ( Robi n et aL 2006 ). A a re ult .  \\'ater level in the study area w ere 
dec l ined dramatical l y . 
The depth to \vater levels in  the tudy area has been increased from 22 .26 m in  
1 978 to  36.60 in  2000 ( ADC. 2007 ) .  Ho� e\'eL the data obtained b)  DC,  2007 ) showed 
that the depth to the water table in AI Hayer area \� a 208 .8 111 above ea level in 1 995 
and i t  reached 203 . 1  m above ea level in  2007 as i l l ustrated in  F igure 1 4 . The increasing 
the depth of \yater level i a c lear indication of reducing the groundwater quant ity in the 
aqu ifer. 
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F igure 1 4 : Static  water level of Al Hayer area 
3. 1 .  a m p l i n g  
C ha pter 3 :  am pling and Mater ial 
2 1  
Thi rt) - 'C\ en ground\>, ater ample \\ ere col lected from di ller nt wel l  a hom1 in the 
,tud. area a 'ho\\ n in Figure 1 5 . s mentioned before. the purpose of the research i s  to 
,tud) the chemi try r gr undw ater LI i ng major cation . anion . trace elements. and 
o. ) gen and h) dr gen i otope . 
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F igure 1 5 : Map i l l u  trates the location of groundwater samples 
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" 1 hre ample from each \, e l l  \\ er c l Iect d to meet the objecti\es f th i  tudy. 
foor cation. and anion anal) e _ one l i tre \\a col lected from a h _  in contra 1 .  for 
h� drogcn and ox) gcn i otope analysi _ 2 - ml vial bott le of groundw ater \-\-ere col lected 
a - i l l u  trated u !l0\\ chart in Figure 1 6 . ample for major cations anal ) s is  were ac idi fied 
\\ ith ni tric acid ( H  03 1 0 0 ) to block oxidation reaction _ stop bacterial gr \\1h_ and to 
prc\ cnt ab'orption or prec ipitation of cation ( Ba uony_ 20 1 4 ) . B fore groundv .. ater 
umpling_ the pump i turned on to improve ampl ing by removing the tag11ant water, 
\\ h ich cau 'ed becall e f pre\ iOll ampl ing and pumping. 
Sam pl i n g  Procedu res 
t 
� [ Bott le 1 ( l L) [ Bottle 2 ( l L) 
1 1 
Major cation and trace ( Major anion 
1 
� 
[ Vial bottle (25  1 
1 
J table isotopes 
1 
K, Na, Mg, Ca, Sr, Ba, B, AI, 
Fe, AI, As, Cd, Co, Cr, Cu,  
M o, M o, Ni, Pb,  V, B r, F,  Zn 
CI-, S04-2, HCO]-, N03- �O'OD l 
F igure 1 6 : ketch showing the sampl i ng procedure 
3 . 2 .  Fie ld  M ea u re m e n t  of  G ro u n dwater  a m ple 
1 he ample ubject t d i fferent fi  ld mea urement . such a al i nit) , pH. electrical 
condudi \  it} ( EC ) . temperature and total di olved ol id ( TD ). using Hana instrument 
9 28 ,  \\ hich 'ho\\ n in  Figur 1 7 . G lobal p it ional system (GP  ) \-\ a u ed to determine 
the locat ion and ampling point . 
3.3.  La bo rato ry M ea u re m e n t  
[race element ' , anion and cation v" ere found after anal, sing ground\\<'ater samples. Ion 
hromatograph) ( l  ) ( Dionex IC -:2000 ) w a  u ed to detect anion inc luding 03'. 0.( 
2 . H 3 ,  and C l ' .  n ion analy i s  \". as performed at the chemistry and geology 
laboratori at llAE n iver ity by using I nductively Coupled P lasma Mas pectrometry 
( ICP- 1 ) ( Trade nam : Varian 7 1 5 -E ) as shown in F igure 1 7 . The interest ing cations 
inc lud ing la�, K�, Ca+� , Mg-t"2 , along \\' i th uch trace elements as Pb3+ , Ba' , Cr'+ , Cd2�, 
1 n2+ , F', Fe3�, rh, i2�, A13+, C03"" AS3+ , Cu2+, M03+, V3+, Zn2+ and Br'. 
A l l  gla S\\'are used for mea urement were c leaned, rinsed with water. 1 0 0 ni tric 
acid  and deionized water prior to next use qual i ty control purposes. amples with h igh 
d i  soh'ed sol ids are d i l uted to en ure correct resul ts .  These samples have d ifferent 
\ i scosit ies than the tandards. Proper care is taken in the preparat ion and storage to avoid 
contami nation ( EM L Method 2007 ) .  
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, 
Hanna In trument (9828) Jon Chromatography (Dione:-- lC -2000 ) 
VA R I A N  
Figure 1 7 : I nstruments used for chemical analysis 
3 . 5. tab l e  Hyd roge n a n d  Oxygen I otope 
Thirt) - e \ en ground\" ater ample \\  er col lected for h) drogen and 0\:)  gen i otop 
anal) , es. bOllt 2 - ml of \\ ater ample were tored in ealed a irt ight gla bott le . The 
anal ) si · l' table OX) gen and h) dr gen i otope \\a per[om1 d by the i otope laborator) 
at the Water Rc ourCe and Hydrolog) . I fohai n i \'er i tl', anj ing. China. 
The P icarr . L2 1 :20- i sp ctrometer \\ a used � ith analyt i cal preci sion of 1 000 for o�H 
and 0. 1 000 for b I RO a l ibrat ion and e l im ination of memory effect was made L1 ing 
a tandard o lut ion. La  er £\ aporation-Ba ed Ma pectrometry was used to anal yze the 
col lected ample . fter the analy j of the col lected samples. the data was reported in  
the u ual 8 notation ,\- j th respect to  the Vienna tandard Mean Ocean Water ( VSMOW).  
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ha pte r 4: Re ult and Di cus IOn 
4. 1 .  Ph), i ca l  Pa ra meter  
The ph) ic I parameter . v. hich in fl uence the nature of \vater and it usage \\ ere mea ured 
and inc luded : 
a )  l-J )  drogen ion concentrat ion ( pH ). 
b )  Total d i '  h ed sol id  ( TD ) .  
c )  Electrical conduct i \  i t )  ( EC) .  
The e parameter 111a) change v. ith t ime and therefore traightforward ly measured in  the 
fie ld .  Bel \\ i detai l d de cription of each parameter. 
.t. 1 . 1 .  Tem pera t u re 
The temperature of the o l lected groundwat r ample in the study area varied between 
30DC to .. WDC. \\ i th an average of 3 3 . 7DC . The variations of amples in  temperatures. as 
hO\\11 i n  F igure 1 8 . are relat ive I )  relative for mo t ample among the study zone. The 
highe t temperature \\'as in w el l  0 .27 .  which may be related t o  low amount of recharge. 
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Figure 1 8 : Temperature values of groundwater samples from the study area 
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.. ' - 1 . 2 .  H) d rogen ion concen t ra t ion  ( p H )  
rhe mea uremcnt o r the groundv. ater acidit) i u d to determ ine the pJ I \ 'al ue. The lower 
the \ al uc of p I J .  the more acidic i the v, ater. The pH i rea l l )  an e timation of the 
h) drogcn ion ( H + )  ( a l ib & Hanna. 20 1 1 ) . The col lected groundvv ater amples were 
c:--amined to che k the pH \ alue i n  the tud) zone. The pH \ alue fluctuated from 7 . 5  to 
.3 \\ ith an a\ crag of 8. fbi \'a lu meet the WHO pH range from 6 .S  to 8 .5 ( WHO. 
20 1 1 ) . The col l ect d groundwater ample or the tudied area are most ly alkal ine ( abo\'e 
7 )  a i l l u  trated in F igure 1 9  and Figure 20. 
.. Wet s 
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F igure 1 9 : D istribution of pH values i n  groundwater samples of study area 
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F igure 20 :  pH value of ground\\ater ampJes from the study area 
-t 1 .3. E lectr ical  con d u c t iv ity ( EC)  
The Electrical Conduct i "  it) ' ( EC )  of groundwater i s  a measme of  its sal t iness and i t  i s  
ut i l ized as a parameter for the characterization of dr ink ing. The EC va lue of the col l ected 
ground\yater 'ample extended between 600/l Icm of wel l  0 . 3 .  and 1 3_00 /l Icm of  
wel l No. 3 3 .  The variation of EC in  the study area were critica l .  I n  thi extraordinary 
condition. substantial pumping of the aquifer prompts migrat ion of the sal ine water 
because of upcoming from the profound aqu i fer. bringing in high EC. In addit ion. the 
h igher values were recognized and noted along the v,;estem pa11s of the stud area. as 
ShO\\11 F igure 2 1 .  v,:hich m ight be ascribed to the hort icul tural exercises and the serious 
employment of composts .  For example. dairy catt le fert i l izer and Urea that wi l l  prompt 
i ncrease EC .  
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Figure 2 1 :  Di tribution of EC values i n  groundv, ater samples of study area 
.... 1 .... . Total  d issolved ol id (TD ) 
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TD refer to the total concentrat ion of a l l  d i ssolved ol id chemicals i n  the water. 
tandard determine a max imum of 500 to ] 000 (mg/l ) of TD for drinking water; and 
up to 2000 (mg/l ) of TD for watering domest icated animals ( Kendall et al . .  1 999) .  
The recorded values of  the TD i n  the study area were between 3 1 7  mg/ l  to 75-1-4 mg/l as 
hO\\TI i n  F igure 22 .  Measurements found that concentrations of TD i ncreased i n  the 
west em region of the study area. Under the WHO ( 20 ]  1 )  standard, about ( 1 1 %) of the 
wel l s  are sui table for drink ing according to the chemical analysis whi le more biological 
tests must be done to make sure that i t  i s  acceptable from the biological overview. The 
"' 0  
\ a · t maj rit\ o f  them ( 620 0 ) are l i ght to moderat for i rrigat ion. \\ h i le ( 2 70 0) o f  the 
. amples are in the " e\ er degree" categor) a ho\\ n in Table 3 .  
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Figure 2 2 :  TD value of Groundwater amples from the study area 
Drinking 
I rrigation water 
water 
Degree of Restrict ion on Use 
WHO standard S l ight to 
500 
one 
Moderate 
Severe 
<450 450- 2000 >2000 
# of wel ls  not meeting 
4 ( 1 1  %)  4 ( 1 1 %)  23 ( 62%) 1 0  ( 27%) 
the WHO standard 
Table 3 :  TDS in (mg/l ) compared to WHO drinking & irrigation standards 
Wel l o. 3 3  recorded the greatest value of TDS at ( 1 3200 mg/l ) .  which may be 
anr ibuted to i ts  shal low depth ( 200 m ), as the owner of the fam1 said .  Under the e 
c ircumstances. over-pumping the aqu ifer prompts movement of a l ine water that wel ls  
3 1  
up from the profound aqu ifi r .  prompting high le\  e l  f TO . Additional l ) . water 
i nteraction \\ i th rock and concentrated. di o lv ing con t i tuent f return- flov. ma) help to 
l I1crea e I 'D. in groundwater (Zhang et a l . .  2008 ) . 
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Figure 23 : Distribution of TOS values i n  the study area, i n  mg/l 
4.2. Chem ical Propert ies 
The chemical composit ion of groundwater is  influenced by the type and the amount of 
sol uble rock \veathering and decomposit ion. The main elements measured in the analysed 
\vater qual i ty are cations ( inc luding Ca+1, Mg+2, Na+, K+ ) and anions ( i nc lud ing CL 0.( 
-, HC03-and 03- ) . Other trace e lements were measured as wel l  including Pb. Ba. Cr. Cd. 
o. \' 1 n .  F .  Fe. r. , I .  u. Mo. . Zn. Be F and AI.  The re ult of a l l  the e chemical 
clement anal\ ' cd in th lud) ar a for the ground" ater sample are present d in the 
,\ppenJix .  
4.2 . 1 .  M aj o r  c a t ion 
The order of 1110 t igni ficant to lea t igni ficant cation found in the study area i a+ 
( 600 0 ) > 1g . ( 2 ]  0 0 ) >Ca+� ( 1 70 0 ) >K+ ( 2%\ ( F igure 4 . 5 ) .  The fo 1 1  0\\ ing discus ion 
ho\\ a c mplete compari on b t\v een groundwater sample v "  i th WHO ( 20 1 1 )  
benchmarks of each component. 
K 
Figure 24 :  Abundance d istribution of major cat ions ( % )  in  the study area 
4.2.2.  Sod i u m  ( Na+)  
odium i s  chemical element, which d i ssolves easi ly i n  water. I t  i s  normal ly found in 
grow1dv\:ater. and i t  has no scent yet can be tasted by many people at concentrations of 
., .,  
.) 
200 ( mg/l ) or 111 re o l I igh a concentration in ground\\ ater can be ob en'ed u ual l )  i n  
a fe\\ r gion ' .  An increa c in a in groundwater aboye characteri t ic  le\ e ]s may i nd icat 
th� ontamination from me source of alt water intrusion (Curriero. 2007 . On the other 
hand. Da\ i ( 1 966 ) c:-.:pres 'ed that the 1110 t \\ idel) recognized ource of elevated odium 
I�\ el in ground,\ ater are from i )  plagiocla e reId  par mineral erosion. i i )  Argi l laceous 
cdi l1lcnt . i i i ) c\ ap rat ion f 'v ater. iv ) watering system and drain ing of precip i tat ion 
through high o i l  in  sod ium. v )groundwater contaminat ion by ewage effl uent. and v i )  
I ak  from land fi l l  or industrial area . 
The Ta� ion concentrat ion of groundwater ample extended from 42 mg/l in wel l  
, 0 .7 to  2080 I1lg/1 i n  the wel l .  NO._4 wi th  an average of "" 72 . 5  mg/ 1 .  The d istribution of 
a- concentration of groundwater sample in the study zone is  hown i n  both F igure 25 
and F igme 26. I t  wa b erved that the concentrat ions of a+ i ncreased toward the west 
of the t udy area. The general pattern of the a qual i t ies remain practi cal ly steady over 
the di tance \\ i th in the study area. They were with in  the l im it of WHO drinking water 
tandards ( 'A'HO 20 1 1 are 200 mgll ) .  Hov,:evec wel l s  0. 22 . 32 . 3 3 .  which l ie i n  the we t 
and centre of the tudy area. have a h igh concentrat ion . H igher a+ in groundwater 
correlate \\' i tb s i l i cate weathering ( Si ngh & Hasnain .  1 999) .  or from dis integrat ion of clay. 
gravel .  ( riniva amoorthy et a 1 . .  2 0 1 4 ) . 
The h igh concentration values ob erved with in  the cul t ivated areas supports the 
theor) that i rrigation water is one of the lead ing causes of elevated sod ium in groundwater. 
The a- concentrations of around 30% of water samples is very acceptable may be 
34 
accred ited to ground\\ ater recharge e\ ent from di fferent catchment of Oman' 
mounta in ( rainfa l L'r charge ) and to the d i l ution by infi ltrated \\ ater ( heri f t a l . .  20 1 2 ) .  
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Figure 2 - : Di tribution of a+ concentration of groundwater samples in the study area 
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Figur 26 :  aT Concent ration i n  groundwater samples compared to WHO standard 
4.2.3. M agnes i u m  ( M g:!-r ) 
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The common sources ofmagne ium in the hydrosphere are dolomite in edimentary rocks. 
o l i y ine. biotic. hornblende. and augite in igneous rocks. and erpentine. talc. diop ide. and 
tern101 ite in metamorphic rock . The Ca2+and Mg2+ ions are more or Ie comparat ive 
condit ion of balance in mo t ground',,\ ater. In any case. Mg2+ ion in water influences the 
soi l  b) making i t  basic and resul t ing i n  d imin i shed the barve t yie 1d ( Kumar et al . .  2007 ) .  
Mg2- concentrat ions i n  the  study area were steady on average \\o ith on ly  a few 
spikes i n  data. onetheless. wel l  o .  1 9  had the h ighest concentrat ion o f  Mg2-;- due to a 
s l ight d i fference i n  the recharge rate. s ignify ing erosion from the nearby mountainous 
area. Also. dur ing i nfil trat ion or along the stream ways. groundwater may d i ssolve the 
CaC03. and CaMg(C03 )2 in the rocks thus increasing calcium and magnesi um ions i n  
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ground\\ ater ( rini \ a  amoorth) e t  a! . .  20 1 4 ) . ccording to WHO ( 20 1 1 ) . permi sible 
l im i t  ( 50 mgll ) .  ar und 60% [ the v, ater ample fel l  "" i th in th l imi t :  \>., herea . wel l s  10. 
1 9  and "14  ho\\ cd the greate t \ ariation a SI10\\ 11 i n  F igure 27 .  
The max imum acceptable  \ a lu  of magne ium in drinking water i 50 mg/l a et 
b) WHO ( 20 1 1 )  penni ible l imi t .  The h igh concentrat ion of magne ium cause a bad 
ta teo and increase water hardne . The concentrat ion of Mg2+ \\ er plotted as i l l ustrated 
in F igure 28 .  The min imal \ al ue recorded in the wel l  0 .3 was 26 mg/\ and the greatest 
\ a lue r corded in \\ 1 \  0 . 1 9  \\ a s  457 mg/1 .  The average concentrat ion of ( Mg::!� ) was 1 30 
mg l .  
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Figure 27 :  Mg2+ concentration i n  groundwater samples compared to WHO standard 
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Figure 28 :  D istribution o f  Mg2+ concentrat ion of groundwater samples i n  the study area 
4.2 .4.  Calc ium ( Ca2+) 
Carbonates are the most abundan t  fom1 of Calc ium in sedimentary rock.  especia l ly in 
l imestone or dolomite. which dominates the study area. Ca2+ occurs in  the groundwater 
through carbonate d i sso lut ion ( Hem & Geological . 1 985 ) .  L ikewise. calcium can be 
derive from the \-\ eathering of s i l i cate m inerals (Cart'vvright et a 1 . . 2004 ) .  I n  the study area. 
the m inimum concentrat ion of Ca2+ was 20 mg/l i n  sample No. 4. whi le the h ighest 
concentration was 3 89 mg/l in \"el l  No. 1 9  and the a erage of Ca2+ was 1 07 mg/l . Ca2+ 
concentration stayed steady throughout the study region with a smal l increase to the west 
of the stud) area as shown i n  F igure 29 .  
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Th i  phenomenon ma:: be related to  the natural recharge. \\ hich di oh CaC03 
and Ca\!g(CQ,f . Thi appear in l imestone rock tlu'oughoul the study area and increa e 
the a i n  ground\\ ater. Furthcrm r . inten i \ e farming i n  thi area may al 0 impact a:!-
d i o lut ion i n  ground\\ ater ( Bohlke. �002 ) .  Mo t of the wel l  i n  the tud)' region are 
i n  - ide the \\'l ! ( _0 I I )  permi s ible l im i t  for drink ing wat r of 200 mg/l . as plotted i n  
rigure 30 .  
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Figure 29 :  Distribution of Ca2-r concentrations i n  ground water of study area 
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Figure 30 :  Ca2� Concentrat ion in ground\\·ater amples compared to WHO standard 
4.2.5. Pota s ium ( K+ ) 
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Potas i um ions ( K�) often relate to  a�  ions in  th  groundwater: however: K+ nom1al ly 
ha a much 10\\ er concentration compared \vi th Na+ . The ource of K+- ions in  groundwater 
are d i  o lut ion of feldspars i n  i gneou rocks. s i l icate. and c lay minera ls i n  sed imentary 
rocks. manufactured composts ( Davis. 1 966) . The K+ concentration ranged from 3 to 50 
mg/l with an average of 1 3  mg/ l .  The max imum K+ concentrations were recognized in the 
west (F igure 3 1 ) . ome sources of K+ in  groundwater samples were l i kely from the 
\\ eathering of feldspar and the ut i l i zation of synthet ic  fe11 i l i zers. The K+ concentrat ion for 
the groundwater samples are within WHO (20 1 1 )  standards ( 30  mg/l ) as d i splayed i n  
F igure 32 .  Lower K+ in  groundwater i s  due t o  i t s  greater resistance to weathering and 
fixation in the fom1 of c lay m inera ls found in the area' s  aqu i fers ( Kolahchi & Ja la l i ,  2007) .  
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F igure 3 1 :  Di  tribution of K- concentrat ion in  groundwater samples of the study area 
60 
50 
_ 40 
Qo 
..s 30 
+ 
� 20 
lO 
o I I I  
• WHO standard ( mg/I) • K+ from We ll (mg/I ) 
F igure 32 :  K+ Concentration i n  groundwater samples compared to WHO standard 
4.3.  M aj o r  A n ion  
( 1 0 0 ) .  and _: ( 1 1 0 0 ) a i l l u  traled in Figur ., ..., J .  
- CI 
. He03 
S04 
N03 
Figure ..., .., :  Di tribution of major anion in groundwater of the study area 
4.3. 1 .  C hloride (en 
4 1  
Rain\', atec farming act iv i ties. se\\ age water pol lutants. evaporation of return flov.'. and 
other human act iv i t ies are the main source of C l - ion in groundwater. The human 
acti \· i t ies that contribute to the presence of C1- ions include street salt. eft1uent from 
indu trial fac i l i t ie  . leaching from munic ipa l  l andfi l l s  and farming chemicals . In addit ion .  
ource i nclude rock-water i nteract ion .  sal i ne leakage. and minor c l imatic contributions 
( r in i \  asamoorth)- et a1 . .  201 4 ) . The Cl - concentration i n  the col lected groundwater 
samples ranged from 54 mg/l to 3694 mg/l with an average of 678 mg/l as shown Figure 
'"' .t .  \\ hich ob\ i u I) demon trate that the d i  tributi n of I ·  concentrat ion in the tudy 
regIOn are r lat i \ e l )  the ame in a large P011 i  n f the \\ e l l s. 
The highe t I - concenlrati n were r tricted to the we t of the tud) region. The 
le\\ pik.e in 1 - con entrati n ma) be attributed to varying recharge event ( heri f e t  
a l . .  20 1 2 ). Cl "  concentrat ion f 800 0 of  ground\\ ater ample are v .  i th in the WHO ( 20 1 1 )  
tandard ( 250-600 mg/l )  ( F igure 4 . 1 8 ) . The maximum concentrat ion of C ] - wa ob en ed 
in \\ e l l  0 . 33  ( 3 649 mg/ I ) .  \\ hich might be  due  to  the i ntroduction of deep sal i ne \:vater 
bee au e of o\ er pumping. FUI1hermore_ the back Dow from fanning i rrigation may a lso 
cau -e ome pre ence of C ] - ions. \\ hich can be a cribed to the ut i l i zation of gypsum 
manure ( Vengo h et aL 2002 ) .  
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Figure 3 5 :  Cl - Concentration i n  groundwater samples compared to WHO standard 
4.3.3. Bicarbonate ( HCOJ)-
43 
HCO�- ion is a plent i fu l  anion in the groundwater. C02+ in the atmosphere. in the soi l ,  
and tho e produced by  weathering procedures of carbonate rocks are considered the main 
ource of bicarbonate i n  groundwater ( Rao, 1 998 ) .  Moreover. Lakshmanan et a1 . ( 2003 ) 
noted t hat the re pon e of the feldspar mineral s with carbonic corrosive in the presence 
of ,,'ater ( recharge occasions) increases HC03-. Thus. the HC03- concentrat ion in the 
study area ranges from 1 83 mg/l to 427 mg/l with an average of 249 mg/l . 
The increasing of HC03- concentration toward the north of the study area may be 
related to the d is integration of carbonate concentrat ions. Thi s  i s  a result of  the study area 
c lose proximity to the Oman Mountains as shown i n  F igure 36 .  The HC03- concentrat ions 
contrasted with WHO standards (20 1 1 )  (300 mg/l ) as exhibited in F igure 37 .  The 
pre ented i nformation showed that there is l i tt le variety between the majorit ies of the 
wel l s. The greater part of the groundwater samples fal l  with i n  WHO l im its. 
+ Wefts 
. '5' 163 
. ,64 17' 
. 115 18S 
. '86 196 
1iiI '97 - 207 
208 2'9 
220 232 
_ 233 243 
244 253 
2S4 262 
263 273 
. 274 284 
. 285 - 295 
. 296 306 
. 307 - 318 
. ;; 
it 
HcoJ Surface M ap  
using 
Kernel Smoothng 
and 
Polynomial 
Function 
:!O .. 
23 .. 
19 
+ 
2' + 
18 + 
16 + 
17 + 
1� +)4 + 
29 .. 
28 l' 
2 + 
3 + 
;: .�------.---------.-------�.--------.,--------.--------�� 
Figure 36 :  Distribution of HC03- c ncentrat ion i n  groundwater ample of the study 
area 
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F igure 3 7 :  HC03- Concentration i n  groundwater compared to WHO standard 
4.3A. , u l pha te  ( O.( )  
I he sources [ meta l l i c  u lphate are \ olcan ic rock and edimentar) r ck ( eW. I 98 - ) . 
J ) psum ( a 0�2 1 1 20) and anh) drite ( a 0-1 ) are examples ofsed im ntary rock . \\ hich 
pr \ ide grollnd\\ ater \\ ith u lphate ( O..J· ) .  When the u lphide mineral interact with 
\\ ater. it i ox id ized and ) ie ld groundw ater \\ ith sulpbate concentrat ion ( Todd. 1 980) .  
The u lphate ( �. )  c l1centrat ion in groundwater or tbe tudy area ranged from 38  mg/l 
to 1 -+67 mg I \\ i th an a\ erage of 323 mg/1 .  
The c ntour map a ho\\n in Figure 3 8  demon trates that the highest values of 
O-l" are toward the centre and the we t of the study area. This increa e may be call ed 
b) the d is integration of g) psum and anhydrite in i de l ime tone. Also. it m ight be 
attributed to the d i  o lut ion of i n fi l trated waters. fi ltering from manures and agricu l tural 
\\ 3 te . 0 t the samples are relat ive ly \\' i th in the acceptabl e  l imits of the WHO standards 
( 250mgll ) except wel l s  o. 1 9 . 22 .30 .32 .33 as h0\\11 in  Figure 39 .  This  i could be related 
to escalated manure on the e randle . wh ich prompts drain i ng into the groundwater. 
A 
2 
J<!r; 
.. Wells 
. 0 26 
. 27 - ,0, 
. '02 '60 
. ,6' - 2:lA 
235 325 
126 - � '6 
417 5,2 
513 - 603 
604 689 
690 n4 
D nS - 860 
. 86, 945 
. 946 - 1025 
. '026 ,,27 
. ,,28 - 1260 
So4 Surface Map 
using 
Kemel Smoothing 
and 
Polynomial 
Function 
33 + 
20 + 
19 .. 
�6 
2A 
Figure 3 8 :  Distribution of O.-t- concentration of groundwater sample in the study area 
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F igure 39 :  04- concentrat ion of  groundwater sample compared to  WHO standard 
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4.3.5.  ' i t ra te  ( � O]-) 
N itrates ( 1\01" )  are found in the em ironment and are to be considered one of the most 
important plant nutrients. nimal manure , human \\ a te . c mpo ite . sewage ludge. 
\ g table ) ie ld . and green fi rt i l izer rop are natural n i trog n b) -product u ed in 
agricu l ture. The mo t recogn ized inorgan ic ni trogen compo t contain Of and/or 
ammonium ( H�) .  OJ "  in ground\\"ater develop upon th use of draining. o i l  ort . and 
the mea 'ure o f v. ater in pre ipitation or \\ atering y tem ( Mahler et al . .  1 990) .  The Of 
concentration in the stud) area varied from n i l  in wel ls  0 3 .  4. 5 ,  1 0, 1 L 1 3 . 1 4 . 26 to 
56 mg I in  wel l  1 0  6 \\ ith an  a\"erage of 1 5 8 mg/ l .  The change i n  concentrat ions level 
in the stud) area ma) be attri buted to \\Tong farming pract ices. 
In compari on to the W H O  standard a introduced in Table 4 and Figure 40. as 
-l3°,o of the col lected groundwater ample are u i table for drinking purpose . I t  i s  een 
that there are fi\'e c lasse of 03" concentrat ion, in the tud} area. Every c lass is  
detennined \\ hether i t  i afe for people or domest icated animals to use. The safe 
concentrat ion of 03" i n  dr inking water begins from ni l  to 44mg/1 i f  i t  exceeds 440mgll 
then i t  cannot be used. 
( �OJ- ) 
m g/I 
o to 44 
4: to 88 
89 t 1 76 
1 77 to 440 
> .. lAO 
G u ide l ine  
afe for humans and Ii, estoc !-' 
Generall) are for human adult and Ii \ e tock . 00 not LIse 
for human infants. 
Sh rt-tenn u e of hum un adult a eptable.Short-term Ll e 
for all lh e t c k  i ac ertable unle feed ource are high 
in nitrate . L ng-term use po e a risk.  
1\ 10d rate to high r i  k for human adult . Moderate to h igh - � 
ri !-. for mature I i ,  e tock if the feed i 10\\ in nitrate . Do 
not use for human infants. 
Do not u e 
o of 0/0 
w el l  
1 6  43 
1 0.3  
9 24 
1 0  '27 
1 3 
Table 4 :  Drinking water standard ,"\ ith 1a10\-Yll 03- concentration in groundwater 
sample 
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F igure 4 0 :  N03- concentrat ion of i n  groundwater samples compared to WHO standard 
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4.4. I o n ic Rat io  
fo  find out the impact of  al ine \\ aler and ion exchang upon the ground\\ ater qual it) the 
ionic rat io i u ed. To ee the ol1taminat ion Je\ e J  a mi nor rat io of la-ICI '  to sea\\ ater 
\ aluc ( 0 .88 ) shovv u a\\ ater intru ion or m ix ing \\ i tb deep al ine \\ ater ( f ar1 n et a1 . .  
20 1 1 . rl1 e t ima[ion of a /C I ' \' I '  (meq/I ) of 3 7  ground\\ ater samples in  [he tud) 
ar a rang from 0.29 to 1 .4 .  ccord ing to  F igure (4 . 22 ) which demon trate that. only one 
sample is more than I \\ hen it comes to the rat io of a"'-;Cl - \ ersu CL Majorit) of the 
ample ( 900 0) pre ent a lo\\ er a+/CI- rat io \ ersus CI-. This may be due to the strength 
of C l - concentrat ions. \\ hich ex i  t in the groundv,ater a odium chloride. 
The Na- concentration leyels are more than the C I - concentration levels. This may 
be becau e of the cation exchange happen ing. The cation exchange happen \\ hen the 
profound sal ine \vater blend with freshwater from upper aqu ifer. Another possib i l ity 
could be because of contamination by agricultural act iv i t ies .  The e acti v it ie may inc lude 
compo 1. human or creature quander . and hort icu l tu re appl i cat ion ( Jones et a 1 . .  1 999) .  
The other helpful ion ic proportion is  CUHC03- that used to tudy the seawater intrusion 
phenomenon and its impact on groundwater qual i ty ( Todd. 1 980 ) . 
The samples. which are l ess than 0 .5  represent 95% of the samples are unaffected 
by ea water i ntrusion. \\ h i le those ranging from 0 . 5  to 1 .6 are s l ight ly and moderatel 
affected as ho\\n in F igure 4 1 . Taking into account 3 7  groundwater samples ofCUHCOf 
proport ions. j ust two samples of groundwater were unaffected. The seawater intrusion 
proce s has influenced most of the samples. Ut i l iz ing the proport ion of Ca2+ a+ and Cl -
50 
I 1 CO,- n .  1 D to a'  the impa t of a l ine \ \  ater blending \ \  i th ne\\ \\ ater and the 
impact of cation c"Xchange form ( I Farrah et al . .  20 1 1 ) . 
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Figure -+ 1 :  10lar rat io of  a+/C 1 - l '  . C l - ( meq/l ) concentration i n  groundwater 
ample 
The proportion of Ca2+ a'" ( Figure 42) stayed low for most samples and i t  had 
negative relation h ip \',:i th the TD value. This case ma be related to the decl ine of 
preci pitation. a imi lation of a+ by muds and b the return stream of the watering s stem 
which is a typical process in arid and emi-arid regions (Ghassemi  et aL 1 995 ) .  The Cl -
'HC03- proportion l'S TDS value as i l l ustrated i n  F igure 42 also shows a posit ive 
corre lat ion between the two variables. 
The proportion of Ca2-IMg2+ l '  HCOf. demonstrates that the dominant part of 
amples ( Fi gure 43) i s  inversely proport ional with HC03-. Fmihemlore thi may be the 
way which renects the presence of addi t ional sources of Ca:!+ and Mg2+ concentrat ions 
5 1  
<;uppl icd h:- i l icat \\ athering (Zhang t a l . .  1 995 ) .  Tra e of a H OJ- proport ion were 
found_ \\ hicb might be due to re p n e of the feld par mineral with carbonic corro i\ e 
\\ ater wrec ipitati n ) . Thi proc dure di charge r I 3-a shown in F igure 44 
( La"- -hmanan ct a1 . .  200" ) .  
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Figu re 42 :  The rat io of Ca2� laT \" TD in groundwater samples of study area 
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Figure -l-l : : Ratio of Ca2�/ Mg2+ \" s. HC03- of col l ected ground\yater sample of the area 
Furthermore. the plot of Ca2T/Mg2+ ) 'S .  HC03-/ 0-1- is u t i l ized to focus on the ions 
exchange procedure a hown in Figure 45 .  That exchange i the procedure .  focuse on 
mo\ement to one ide of the plot because of abundance of SO-l--+HC03-. whi l e  if reverse 
ions ex hanged. the focu ed movement is a l igned to one side becau e of overabundance 
of Ca2-'-/Mg2+ ( Fi sher & Mul l i can. 1 997 ) .  A indicated by the outcomes. most of 
groundwater ample rat io of Ca2+/ Mg2+ 1 "  • HC03-/ 0-1-. which are located in the study 
area are d i rectl y  proport ional which may be because of the abundance of bicarbonate SO.j· 
that are si tuated at some areas of the study region. 
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Figure 4 - : Ratio of Ca2 Mg2� \'s. HC03- 04- in  groundwater samples of the area 
F igure 46 sho\\ the relation between 03- 1 'S .  TD . n Increased concentration level of 
03- i apparent from the tud) of the upper east toward southv,:est of stud area. A sl ight 
cOlTelat ion between 03- and TD can be een for some of the ample . The mo t 
note\\ olih) O� - fixation were recorded because of the harm effect of some pest ic ides. 
A indicated b) the proportion of 0.( l '  . C I- as i l l ustrated in F igure 47, a posi t ive 
cOlTelat ion betv,;een the two \'ariables can be een in  most of the amples. The possible 
ddit ional ources of 0.(- are the d i  i ntegrat ion of gypsum from the upper aquifer that i s  
u ual ly  uti l ized as  a part of the tudy region. 
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Figur 46 :  03- Y . TD plot for groundwater ample of the tudy area 
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4.5. Trace Metals 
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The high concentrations of trace metals in groundwater could represent a serious hazard 
to human health. Depending on the geographical and aqu ifer l i thology, th is may affect 
5:  
the l e \  el ' of tra e metal c nc ntration. Thi rna) influ nce the central ization of a fe\\ 
mineral I n  the gr und\\ ater. bout 1 6  trace metal hm e been examined in thi (ud\' . 
the 'e \\ ere : A I .  . Ba. d .  r .  o .  u. Fe .  Pb. in .  Mo.  i .  P .  r .  V .  and Zn .  Table 5 
ho\\ . the po (-effect of trace metal compared to W I lO drinking \\ ater standard ( 20 1 1 ) . 
fhe data ho\\ that 10\\ central ization or rno t or the trace metals were found in the 3 7  
,ample of ground\\ ater in the stud) area. 0 crit i cal concentrat i n \V re een of the 1 4  
trace metal '. the. e were I .  . Co, r ,  Cu. Fe. Mn. Mo. i .  P .  Pb. V .  Ba  and Zn. 
M a x i m u m  M i n i m u m  A v e ra ge 
W H O  % well  
E lemen t t a n d a rd exceed ed 
Well  
"a lue  V a l u e  mg/I  (20 l l )  No. The l i m it 
A l u m i n i u m  ( A I )  0.02 0.008 0.014 0. 1 0% 0 
r en ic ( A s )  0.132 0.009 0.070 0.01 30% 1 1  
Ba r i u m  ( Ba )  0.265 2.042 0. 1 535 0 .7  0% 0 
Cad m i u m  ( C d )  0.016 0.005 0.0105 0.003 5% 2 
C h ro m i u m  ( C r )  0. 1 23 0.03 0.0765 0.05 0% 0 
Coba lt  (Co) 0.005 0.0047 0.0048 - - - --- ---
Copper ( C u )  0.02 1 0.003 0.012 2 0°'0 0 
I ro n  ( Fe )  0,903 0.002 0.4525 1 0% 0 
Lead ( Pb) 0.025 0 ,011 0.018 0.01 0% 0 
l a n g a n ese ( M n )  0.055 0.009 0.032 OA 0% 0 
M o l) bden u m  ( M o)  0.045 0.004 0.0245 0.07 5% 1 
� ic kel  ( i )  0.019 0.003 0.0 1 1  0.07 0% 0 
Pho p h o r u s  ( P) 0.0 0.00 0.00 --- --- ---
t ro n t i u  m ( r)  46.231 1 . 1 44 23.7 --- - - - ---
V a n a d i u m  (V)  0.017 0.002 0.0095 --- - - - ---
Z i n c  ( Z )  0.762 0.001 0.38 1 5  3 0% 0 
Table 5 :  Post-effects of trace metals compared to WHO drink ing water standard 
... .s . 1 .  B a ri u m  ( Ba )  
atural barium mi:\c . arc ionic and are h) dro l)  sed in \\ ater and thi a minor c n t inlent 
of 'al t  feld par ( L\ ails. 1 987 ) .  The centra l ization of bari um concentrat ion i re tricted b) 
th \ ic in i t) f actual l) happen ing ani n and perhap at the ame time by the ad orpt ion 
of tile'c pan ic le into metal oxide and hydr xides ( t i tch. 1 985 ) .  Bari um is avai lable in  
both ed imentar) and yoleanic rock on the ground that is not found free in nature. I t  
happen ' in \ arioll m ixes. general l )  bari um ulphate ( barite ) and barium carbonat and 
barium come from common ources. The acetic ac id deri' vat ion. n i trate and hal ides are 
oh ent i n  \\ ater: ho\\ e\t!L the carbonate. chromate. fluoride. oxalate. phosphate and 
u lphate are in o luble . The highe t concentrat ion was recognized in \vel !  0 . 37  as  0 . 337  
mgfl and the lea t one was \\ e l l  0 . 1 8  as  0 .038  mg/l a hown in F igure 48 .  A l l  the 
'ample are \\ i th in the WHO tandard. 
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Figure 48: Ba (mg/l ) concentration i n  col lected groundwater samples. 
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4.5 .2 .  S t ro n t i u m  ( Sr )  
:tront iul11 ( r )  i ne  of  the pol) \ alent metal l i c  concentration \\ hich originat from 
scdimentar) rock ( E I Ga\\ ad et al . .  2008 ) .  tront ium ha hOVv ed up in !lonnal 
centra l izat ion of 2 .66 1 mg/l and the h ighest concentrat ion i in \\ e l l  0 .33 ( 46mg/l )  
\\ herea thl: l ea 't \\ a in \ve l l  0 .3  a 0 . 1 44 )  mg/l .  The e d i ffer nt concentrat ion levels 
ma) be related to di olving of l ime tone rock . which are predominant in this stud\ area. 
4.5.3.  Cad m i u m  ( Cd )  
adm iul11 i d i scharged t o  nature from wastewater: i ts e levated segment i brought on b) 
\\ ater pol l ut ion [rom composts. Moreover. the drinking v, ater pol l ut ion may due to the 
zinc of excit d channel and some metal fi tt ings ( Bouchard et a1 . .  20 1 ] ) . The high elevated 
Ie \" I of cadmium was recorded in wel l  No. 1 (0 .0  1 6mg/l ) ,  whereas the least was in half of 
the \\ e l l s  with a concentration of 0 .003 mg/ l .  The dangerous convergence of cadmium 
rel i e  on alt ine and hardness. bout 95�o of the amples were within the WHO standard 
( 0 .00 .... mg/ J) :  5�o of the ample exceeded the WHO standard as shovm i n  Figure 49. 
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F igure 49: Cd d i stribution of the groundwater samples for the study area. 
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4 .6 .  Hyd roc he m ic a l  Water Type 
Rock-\\ ater IOteract i  n . the geograph) f th un-oundings. and contamination ouree 
Creall: t) pes f h) drochemical w ater. Hydroch mical fac ie are ub lance u ed to ho\', 
the amount or water that create a chemical composit ion. H) drochemical water t. pe i 
con idered a benefic ia l  technique to determin d i fferent type of \\ ater. depending upon 
the ionic rganization and proport ion of anion and cat ion ( rin iva amoorthy et al . .  20 1 4 ). 
1 5  prop rti nal rates are arranged from th least to th most signi ficant cationic and 
anionic concentration in  the hydrochemical formula. Thi proce s must be u ed to 
di t ingui h part icular water types (Altovi k i .  1 962 ) .  Howe er. a-CI i s  the predominant 
\\ ater t) pe a hown in  F igure 50 . 
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Sod! .." • Boocarbonat e � • Sod!.." 
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F igure 50 :  Map shows predominant water type of the col lected sample in  the area. 
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f \\ at r. \\ hich deduced fr m the re u l t  I calculat ion and 
anah is .  arc appropriated in the tud) area a the fol lo\\ ing :  
• Ca-, 'a-\ 1agn ium & 0�-HC03-Chloride type ( 1 .7 .8 ) 
• a-;\a-fdagne ium & 0.1- I -bicarbonate t) pe : (  ampl 2 .5 . l 5 )  
• a- a-l\ 1 agnc ium & I -bicarbonate type : ( sample 3 and of )  
• Ca- a-l\lagne ium & O.j - Ch loride type : ( ampJe 1 6  and 30 )  
• a- a-l\ 1agne ium &-HC03- hloride type: ( ample 29 )  
• a-Mg- odium & SO.j -HC03- hloride type ( 6, l 3 . J � .24)  
• Ca- 19- odium & O-l-C l -bicarbonat type : ( sample J 2 )  
• a- 19- od ium & C l -bicarbonate t) pe : ( ample 9 )  
• Ca- 19- odium & O-l-Chloride t)'pe : ( samples 1 9.20,2 L23,34 ) 
• 1 9- odium & O�-HCO'" -Chloride type ( 1 0 . 1 1 .28 .35 ) 
• Mg- odium & SO-l-Cl-bicarbonate type : ( sample 1 8J 1 )  
• 1 9- odium & O.1-Chloride typ : ( sample 1 7 .22.26.32 and 33 ) 
• Na- 1agnesium & O-l-C l-bicarbonate type: ( sample 29 )  
The princ iple of the P iper diagram ( Figure 5 1 )  is a tlu'ee-shaped i l l ustrat ion, two 
triangles and one diamond shape. where the triangles represent the cations ( left triangle) , 
the anions ( ri ght triangle) .  and the mixture of both is repre ented by the diamond shape. 
The i nterpretat ion of the anions and cations can be deduced from the P iper Diagram with 
the fol lowing results :  
• Mo t samples contain sodium and magnesIUm 1 11 hydrochemical water types 
regarding cations concentrat ion . whi le most also contain chloride 1 11 
hydrochemical water types regarding anions concentrations. 
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• \ lkal i s  ( I '  and O/� ) exceeded alkal ine earth ( a and Mg) .  having chloride a 
the predominant anion f I lowed by sulphate. The reason chloride dominate 
because the contaminat ion or agricul tural \\ a te\\ ater in the groundwater. 
• 'trong acid ( odium ) exceeded w eak acid ( bicarbonate ). having odium a the 
predominant cation. The contamination of groundwater by agricul ture effluents 
i the rea on for odiuJll dominance . 
• odi um chloride is  the pre\ alent water type, which attribute to other 
oncentration . In ord r to express the dominance of water types. a zonation map 
\\ a created as hO\\TI ( Figure 50 ) .  odium-Chloride t) pe i the predominant type 
fol lo\\ ed by Magne i um-Chloride. 
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Figure 5 1 :  P iper diagram of  groundwater samples of  stud, area. 
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4.7. Water G e n e  i - H ypothet i ca l  a l t  Co m bj n at ion  
Water gene i s  i s  con idered one of the 1110 t important teclmiques 1 11 deducing the 
chemical proce that affect \\ ater. u l in ' principle i repre ented by t\\ O equal quare . 
One quare indicate marine meteoric g ne i i nc lud ing a:! 0-1 and aHC03. and marine 
\\ ater gene i inc lud ing Ca b and MgCb.  Groundwater ample are expre ed in m i l l i  
equ i \ alent percent and repre ented by  meq% ( u l i n .  1 948 ) . Out 0 the 3 7  amples 
col lected. r amples \\ re de ignated a marine rigin ( e .g  . .  samples L 5 .  6 .  7 .  8 .  1 4 . 1 6. 
1 7. 1 9 . 10. � 1 .  22. 13 .  14. 25 .  �6. 17. 18 .  30.  32 .  ,., 3 .  34 .  35 .  36 .  3 7 ). v,hi le  the remaining 
1 1  are of  meteoric orig in ( e .g . .  ampl 1 .  3. 4.  9. 1 8 . 1 0. ] 1 .  ] 2.  l 3 . 1 5 . 29. 3 1 ) a shown 
in F igure 51 .  
I I  marine origin ( alCI )  < 1 ) ampl are marine water origin of magnesi um 
chlorid ( 19Cb )  permanent salt . It i calcu lated by (C I - a!M:g)  < 1 .  I t  reveal s  that l 3  o f  
the ample of  alt combinations are a shO\vn i n  fol lowing: 
1 .  aCl> MgCb> MgS04> Mg( HC03)2> KCI> ( we l l  no. l )  
2 .  aCI> Mg(HC03 )2> MgS04> MgCb> KC I  ( we l l  no. 5 )  
3.  aCl> MgCb> 19S04> KC1> Mg(HC03h ( we l l  no. 6 )  
4. aC1> MgCb> Mg(HC03 )2> Mg 0-1> KCI  ( we l l s  no. 7 ,'1. 7 )  
5 .  MgCb> aCI> MgS04> C a  04 (wel l  no. 8 .36,3 7 )  
6. TaCl> 19(HC03 )2> MgSO-l> KCI> a2S04 (we l l  no. 1 4 )  
7.  aCl> MgCb> Mg 04> CaSO-1> KCl  ( wel l  no. 1 6.25 )  
8. aCl> MgSO-1> MgCb> CaSO-1> KCl (wel l  no. 1 7 . 1 9.20,26) 
9. aCl> g 04> CaSO-1> MgCb> KCI ( we l l  no.2 1 22,32 .3 5 )  
1 0. aCl> MgCh> CaS04> CaCb> KCl ( we l l  no.2334)  
1 1 . aCl> 19S04> CaSO-1> KCI> MgCb ( wel l  no.24 ) 
1 2 . aCl> MgSO-1> Mg(HC03)2> MgCh> KCl ( we l l  no.28 )  
1 3 . Mg 0-1> aCI> MgCb> CaS04> KCI ( wel l no. 30 )  
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Permanent a l t  ma) x i  t due to  leaching of the rock pr nl in the area. \\ hich 
are r ich in ulphatc mineral l i ke gyp um ( Ca 0.nH20) and carbonate mineral . 
Dolomite i a carbonate min ral that i rich in calc ium and magnesium aMg(C03 )2 .  I n  
add i t ion. calc ium and magne i um exchange cations through \\'ater-rock interaction from 
old marine rigin ( bdel Latt i f. 200 " ) .  The pre ence of MgCl2 from the marine \>, ater 
origin in the tud) area indicate that the groundwater has been pumped hea\·i l y . This 
lead to d i  o lution of alt mineral of deep marine deposits and increa es the groundvv ater 
alt concentrat ion ( alman et aI . ,  20 1 3 ) . 
The econd ongl l1 meteoric \\ ater ongl l1 « Na/C l »  1 )  of sodium ulphate 
( 'a2 04 ) \Vater t) pe « a-Cl/ O-J ) < l ) and aH 03. I t  reveals the fol Jowing hypothetical 
alt combinat ion : 
1 .  aCl> Mg(HC03)2> MgS04> a2 04> KCI  ( we l l s  no . 2 )  
2 .  19(HC03 )2> aC]> a2S04> KCI> Mg 0-1 (we l l s  no. 3 )  
3.  Mg(HC03 )2 '> aC]> N32S04 > Mg 0-1> KCl ( we l l  no. 4 )  
.t .  aC l> CaCh> a2 0-1> CaCh > aHCO» KCl (we l l  no. 9 )  
5 .  NaCl> 1 9( HC03)2 > a2S0-1 > KCl> (we l l  no. 1 0 ) 
6. aCl> 19 0-1> Mg( HC03h > Na2S0-1> KCI (we l l s  no. 1 L 1 5 ) 
7. aCl> Mg( HCOJ)2 > a2S0-1> Mg 0-1> KCI ( we l l  no. 1 2, 1 3 )  
8. aCl> a2S0.j> aHC03> Mg( HC03 )2 > KCI ( wel l  no. 1 8 ) 
9. aCl> Mg( HC03)2 > Mg 0-1> a2 0-1> KCl  ( we l l  no. 29) 
1 0. aCl> Mg(HC03}2 > Na2S0-1> KCl> aHC03 (we l l  no. 3 1 )  
A variety of al t  concentrations was noted, indicat ing ion exchange processes in  
the  stud) area. The wide range of permanent salts (Ca 0-1 and MgS04 ) indicates the 
presence of sulphate and carbonate m ineral s .  Sod ium dominance in all water types and 
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origin indi ate the i n fi l trat ion of met oric v, aler from i rrigation eepage into the re harge 
basin ( AhdeI Lalti f. 200 "' ) .  zonat ion map of the t\\ 0 origins sho\\ s the majorit) of 
meteoric origin of odium ul phale \\ aler t� pe ( F igur 52 ) .  1 arine origin magne i um 
hloridc-\\ aler t) pe coincide \\ i th the hem iest agricul tural act i \  i t ie . as they both o\'erlap 
the aJne area. 
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Figure 52 :  The water Genesis map for the col l ected groundwater sample of the study 
area 
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F igure 5 3 :  choel ler P lot for the col lected groundwater sample 
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4.8 .  I rriga t ion  Water  Q u a l i ty 
The \\ idl.: human practice of wel l -pumping produ e compound can ti tuem that 
decn�a e the ) ie ld and fert i l i t) of the 'oi l .  The pre enc of compound can tituents in the 
o i l  i l i k.e\\ i se inOuenced b) the nature of the plant being water d. the t) pe of o i l .  the 
atmo 'phere. and the technique for i rrigat ion and eepage. 
A soon a i rrigat i n \\ ater contact the d i rt .  salts eep into the root-zone where 
the plant-root ab orb th \\ ater and retain alma t no alt from the d i rt .  In  other words. 
\\ ater \ ani he' from the d i 11 urface. yet the alt tay b h ind. decreasing the soi l  fert i l i ty . 
Thi phenomenon results in  an incremental bui ld-up of salt in the root-zone. slo\\ l y  
poi oning the plant and trangl ing the plant' ab  orpt ion of water. Only a basic 
under tanding of i rrigat ion \'\ ater i adequate to j ust i fy the need for admini trat ive changes 
to en ure ground\\'ater ustainabi l i ty ( Jalal i .  20 1 1 ) . 
I rr igation \v ater qual i!) i s  impo11ant a that data concerning the nature of water 
and i ts impact on o i l s  and yie ld are analysed, Consequent ly .  numerous parameters can 
be used to characterize i rr igation water qual i ty and to eval uate sal i ni ty risks. This entire 
tud. \\' j l l  detem1 ine the right admin istrat ive procedures needed to ensure sustainabi l i ty, 
nderstanding the chemistry of groundwater i s  \'ery important to evaluate i ts qual i ty for 
uTigation purposes. The fol lowing methods \\' i l l  be used to analyse and deduce the results 
of the groundwater samples of the study area. 
-t.8. 1 .  Sod ium adsorption ratio ( SA R) 
A simple method of eval uat ing the concentrat ion of sodi um in  water i s  sodi um adsorpt ion 
rat io ( AR) .  A usefu l  index of the sodi um hazard of water for soi l s  and crop� can be 
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mea-.;urcd b� the calcu lation of R of the groundwater ample . H igher alt i l1 s 
decreases the o motic plant act i" it) and hinder \\ ater to the plant' branche and lea\ es. 
bringing about mediocre fruition ( largllade et a l . .  20 ] 1 ) . Plant are en i t i \ e in \'ar) ing 
degrees to oi l  sal in it) . a the a l in i t. exceed a cer1ain l imit :  plant gro\\1h i impai red, 
thus lo\\ ering their producti\ i t) . 
od ium ad 'orpti 11 rat io ( A R ). alongside pH .  de cribe sal t - in fluenced o i l . 
T aking the e mea urements is ef:fl 111e s ta k that pro\'ides data on the relat iye 
conc ntration of a .  19-and CaHin soi l  arrangement . The SAR is proce sed uti l i zing 
the accompan) ing equation a ( Trim. 1 985 ) .  
AR  = N a +  Jeca + Mg)/2 ( 1  ) 
\\11en the AR exceeds the l imi t  ( 1 2 ) .  genuine o i l  i ssue emerge, and plants have great 
d iUicul ty ab orbing v;ater ( heri f et al . ,  20 1 2 ) .  
The R estimation of 3 7  samples ranged from 1 . 1 5  to 20 .89 with an average of 
5 .08 .  The data i plotted on the Wi lcox Diagram ( Figw-e 54 ) .  Most of the groundwater 
sample in the study area v, ere found in the C3 1 zone ( 2 , 7 , 1 0 , 1 4 . 1 9, 22, 25 , 27 . 29, 
3 1 .  32. 34, 3 5 )  shov,'ing med ium to high salt ines ( Table 6) in the water. which can be 
uti l i zed for i lTigation in about 60% of the samples with min imal peri l  caused by sodium 
interchange with the crops in those areas ( Kumar et a l . ,  2007) .  
The smallest number of samples was found in  the C4-S2 zone ( 6, 1 1 , 20. 2 1 .  23 ,  
24. 2 5 )  and indicated the highest sal in ity of a l l  the samples. The most extraordinary cases 
of extreme sal in i ty were wel l s  0 3 ,  8 ,  25 ,  30 ,  and 3 7  that l i e  in C4-S 1 zone, ind icat ing 
6 
inc"\ itahle harm i f  the \\ atcr from the v .. e l l  \\ ere to be used for i rrigat ion. The higher 
saltmc of thi \\ at r decrea e the moti mo\ ement of plants and keep water from 
the branchc- and IcU\ c . \\ hich \\ i l l  ob\ iousl ) . d imin i  h profitabi l ity and crop 
dc\ clopmcnt ( � 1arghad et a ! . .  20 1 1 ) . 
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F igure 5 4 :  Wilcox Diagram for the col l ected groundwater samples of  the study area 
\\ a t  r T� pe 
C 1 <; I ( Good ) 
C 2 <;  1 (Good ) 
C 3 �  1 ( Good ) 
('+S 1 ( Good ) 
C3S2 \loderate ) 
('+S2 ( � Ioderate )  
C'+S3 ( Bad ) 
Sa m ple loca t ion n u m ber a s  ho\\ n i n  Tot a l  No. of S a m ple 
Figu re 50 a m ple % 
Ni l  N i l  N i l 
1 3 . .+ 2 6.5°io 
2 . 7,  1 0. 1 '+ . 1 9. 2 2 . 2 5 .  '27. 29.  3 L "'1 ,  1 3  .+3°'0 
3'+. 3 5 
3 . 8.15.30.37 5 1 6 . 5°'0 
1 3 . 1 8  :2 6 . 5% 
6. 1 1 . 20,  2 1 .  1 3 .  1 '+ .  2 5  7 2 3°0 
30 I 3 .3° 0 
Table 6 :  C Ia i fication of groundwater amp1es ba ed on U L 
".8 .2 .  Total hardne  s 
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A tud) of total hardne s in groundw ater demonstrated that the pre ence of Ca�� and Mi+ 
part ic le ha a d irect effect on the temporary and continuous hardness of the \vater 
( r in i\ a amoorthy et a 1 . .  20 1 -+ ) .  Heat ing can be used to remo e temporary hardness, 
which i cau ed by the presence of calc i um carbonate in  water. Permanent hardness is  
wry d i fficult to remove and doing 0 requ i re many complicated techniques. such pm1icle 
exchange foml . Hardness of water constrains the employment of water for mechanical 
purpose : bringing on sca l ing of pot . boi lers and watering-system funnels. 
In a fe\\ tudies. a ign ificant connect ion was seen between the water hardness and 
heart compl i cat ions/disease/a i lments. Conversely .  many epidemiological studies have 
recommended that water hardness protect against i l l nesses ( WHO, 2006 ) .  The total 
hardne s (TH )  in mg/l can be compared to the acceptable standards ( Todd, 1 980) .  u ing 
the equation T H  ( mg/i) = 2 ,497 Ca++5. 1 1 5  + Mg2+. The fluctuat ion ofTH from soft water 
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« r mgl! ) 10 hard \\ ater ( >"'00 mg I )  i demon lrated in Table 7 .  The 1110 t a ceptable 
le\ cl of I I J i 0- 1 00 mg I a 3 ( Freeze & herry . 1 979 ) .  The TH in the tudy region 
range� Crom 1 59 .4 mg 1 t 2844 mg/I \\ ith an average of 800 mg/l . Most wel ls  had a 
tendenc) to l ie \\ ithin the hard and \ er) -hard cia . 
Rang ( m g/I ) C ia 
<75 oCt 
T H  75 - 1 50 Moderate l) hard 
1 50 - 300 Hard 
> � OO Ver) hard 
No of w el ls Percen tage 
0 0°'0 
0 0% 
1 2  32 . 5°'0 
2 5  67.5° 0 
Table  7 :  C Ia sification of ground\ ... ·ater col l ected from the tudy area based on the TH 
·t,S.3. M agne ium ra t io  ( M R ) 
The mea ure of the impact of magnesium 1 11 groundv.:ater i communicated as the 
magnesium ratio (MR) .  Thi rat io c lassi fie the groundwater qual i t  for i rrigation from 
ui table S 50 to inadmissible 2: 50 ( Hari tash et aI . ,  2008 ) .  Pal iwal ( 1 972 ) uti l ized the 
fol lo\.\ ing equat ion to find the MR.  which can be used to identi fy the qual i ty of 
groundwater: 
Mg x 100  
MR = ---­Ca x Mg (2) 
The 1 R  values in the stud. area are shov,:n in Table 8. The MR values range from 
o to 6.6. demonstrating a 1 00% of the wel l s  fal l  withi n the a l lowable l imit of 50 mg/l and 
resul ts in a good impact on harvest y ie ld .  
7 1  
j Ra nge Cia o of  w el l  Percentage 
I 
;\-I R (mg/I ) <50 Su i table 37  
>50 Lnsu itable 0 
Table 8 :  \ 1agne i U I11 Ratio ( MR )  f GW samples i n  the tUd) area . 
.t.8A. 'od i u m  percentage ( a+ % )  
1 000 0 
00 0 
,'odium percentage ( a� 0 0) i de cribed a percent od ium or dissolvable odium rate. 
\\ here a l l  ionic concentration are expressed in meq/l .  
a � % = _
__ ...;;.(N_a_+.....:)_+...;;.(K_+-....:)'---__ 1 00 (Ca2+)+  (Mg2+)+  (Na+) + (  K+) ( 3 )  
According to  the Wilcox Chart. ( 1 95 5 )  n i l  of the wel l s  fal l  within the un  uitable 
c la . \\'herea .. +00 0 of the groundwater sample are v\'i th in  the good c lass. 40% are within 
the penni ible cla s. and 1 90 0 are within the doubtful c lass as ind icated in Table 9. 
Range Classes No of we l ls % 
< 20 Excel lent 0 0% 
20 - 40 Good 1 5  40.5% 
Na+ % 40 - 60 Perm issible 1 5  40.5% 
60 - 80 Doubtfu l  7 1 9% 
80 Unsu i table 0 0% 
Table 9 :  a+ percentage of  col lected groundwater samples of the study area 
4.8.5. E lectr ical  con d u c t iv ity ( EC )  
According to  the acceptable standard. there are five c lasses used to  eval uate groundwater 
qual i ty ( James et a1 . .  1 982 ) .  Concentration of EC for the col lected groundwater sample of 
the study area ranged from- 600 IlS/cm to 1 3200 IlS/cm as shown in Table 1 0. 6% of the 
T2 
\\ c l l  arc \\ i th in the good cia . '+0°'0 of the ground\\ ater ample are \\ ithin the 
pcnni s ib lc cia s. and 1 9° ° r the ground\\ at r ample are within the doubtful c las : 
morcover. about 3 5  ° ° are un uitable for i lTigat ion purpo e . 
EC 
Range(llS\cm )  C i a  se of n ater  No of w el l  
< 250 E �cel lent 0 
250 - 750 Go d 2 
750 - 2000 Penni ible 15 
2000 - 3000 Doubtfu l  7 
>3000 Un uitable 13 
Table 1 0 : Cia ification of groundwater qual ity based on EC 
4.9. E nv i ron menta l  I sotopes in G ro u n dw ater 
0/0 
0°'0 
6°'0 
40°'0 
19% 
35% 
Thi rty- even groundv. ater amples were col lected to asse the groundwater qual i ty and 
to look to the recharge mechani m for the study area. The ranges of i sotopic composi t ion 
of OX) gen in groundwater sample "" ere -4.4 1 % to 1 .9.+ %. The values of 8 1 80 and 8D 
were mea ured for the col lected groundwater samples suggesti ng two main zones. The 
1 80 and 8D relationship for groundwater samples i establ ished ( Fig .  4 .4 1 )  and defined 
by the fol lowing regression equation 8D = 3 .26 8 1 80 + 2 .6 .  The slope for the groundwater 
amples is 3 .26 < 8. in comparison to the local meteoric water l i ne ( LM WL )  C8D = 8 
8 1 80 1 5 ) of the UAE ( Murad & Kri slmamurth , 2004 ) ,  which suggests d ifferent 
degree of evaporation. HoweveL the ranges of hydrogen isotopes were - 1 3 . 3 3  % to 1 1 . 1 6  
q,o as shown in  Table 1 1 . 
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ID O I BO o D  d-exce 
H RI 0.78 7.48 1.26 
H R2 0.23 6.12 4.28 
I I RJ -0.11 4.74 5.60 
H R4 -0.33 5.03 7.70 
I I R - -0.26 4.36 6.46 
I- I R6 1.06 11.16 2.69 
I I R7 0.44 7.96 4.43 
I I R8 -3.58 -9.01 19.64 
I 1 R9 -3.65 -9.49 19.75 
H R10 -4.09 -10.94 21.76 
H R I I - "  .86 -11.13 19.76 
H R I 2  -4.41 -13.3 3 _1.92 
I I RI3  -3.63 -9.53 19.49 
I l R14 -3.85 -9.29 21.54 
H RJ 5  -0.83 -6.56 0.1 I 
HR16 -0.26 1.06 3.11 
HRI7 -0.37 -0.08 2.89 
HR18 -0.0 I 2.67 2 .73 
HR19 0.20 2.26 0 .65 
HR20 0.83 4.17 -2.51 
H R28 1.94 7.07 -8.46 
HR29 -0.44 0.79 4.33 
HR30 0.3 3 4.06 1.39 
HR31 I. 71 6.60 -7.11 
HR32 1.50 6.22 -5.81 
H R3 3  1.35 3.83 -6.94 
H R3 4  l AO 6.70 -4.52 
H R35 0.50 4.98 0.99 
H RJ6 -3.13 -7.75 17.28 
H R37 - 3 0 44 -7.94 19.57 
Table 1 1 :  8 1 80. 8D, d-excess for GW samples i n  the study area. 
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Figure ( 4  . ... 8 ). indi ale that there are h\ o zone or sample in the tud) area. The 
Li r t /one or the stud) area wa repre ented b) mo t r the groundw ater ample located 
belo\\ the L 1 W L  and t the v, e t of the tudy area. In thi area of the stud) . the i otopic 
enrichment of OX) gen and h) drogcn in  arid and em i -arid em ironments i due to the 
e\ aporat ion proce '. v, hich occurs in 1110 t of the amples in the stud) . 
-6 -5 -4 
• 
I n � ;:t l  Mp.tp.nri� 
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Figure 5 � :  Regre sion l i ne of 8D - 8 1 80 of GW amples in  the study area. 
Ho\vever. transpiration can concentrate the sal t  and does not enrich the isotopic 
compo it ion of oxygen and hydrogen .  The second zone of the study area is located above 
the LMWL in c lose prox imity to the Northem Oman Mountains, which reveals  quick 
infi l tration into the major aqu i fer of the study area, which keeps rainfal l  from being 
exposed to the evaporati on process. Thi s can be appl ied for the samples No. 8, 9 ,  1 0. 1 1 , 
1 2 . 1 " . 1 4 . 36. and " 7 . The main urce depending on the proceed ing re ults ugge t 
\ 1ed i terranean 'ea .ource. 
The ground\\ ater a l in i t)  could be e\ al uated b) plott ing the relation hip between 
chloride. repre ent ing the a l in ity . and 8D a shO\\ n in Figure 56 .  Th scatter d istribution 
of chloride concl:lltrat ion v. ith enrichment of i otopic compo i t ion f H� uggests that 
ther are d i fferent ource affect ing groundwater in the study area (C indrich & 
udmund sori . 1 984: Murad et a l . .  20 1 1 ) . 
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Figure 56 :  Regre sion l i ne of 8D and C ] - ( mg/L )  for groundwater ample . 
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C ha pter 5: Conclu IOn and Recommendation 
5. 1 .  o n e l u i o n  
The current stud) a "c e th ground\\ ater qual i ty u ing ph) ical and chemical propert ie 
and h) drogen and OX) gen i tope te t ing. The tud) howed high amount of TO 
r aching 7500 mg I in \\ e l l  number "' 3 .  H igh a l init) deriving from high TO values \\ as 
ob en ed in man) ample in  the area. The main rea on of high TO valu are h igh 
anion and cation present in the ground\\ ate]' due to high agricul ture act i \  it ies and hea\') 
pumping of groundv, ater with no balance of recharge leading to increasing of salt 
accumulation. 
The data analysi and generated finding of thi research study reached the 
fol lo\', ing conc lusion 
• The cunent tudy a sesses the groundw'ater qual it) u ing physical parameters, 
chemical parameter and hydrogen and oxygen isotopes te t ing. 
• The study hov, ed h igh amounts of TDS in most of the amples. 
• The main rea on of high TD values are high anions and cations present in  the 
groundwater due to high agricu l ture acti i t ies and hea y pumping of groundwater 
with no balance of recharge l eading to increa ing of salts accumulation. 
• The cation present i n  the groundwater ampJes took an order of Na+> Mg+2> 
a�2> K�, \\'h i le  anion took an order of Cr> HC03"> S04-2> 03-. 
• The dominance of a l l  ions wa odium and chloride, fol lowed by magnesium, 
calc ium and sulphate. 
• The ground,,;ater in  the area was shown to have two water origins" which are 
paleo-marine orig in of magnesium chloride and meteoric water orig in ofNa2S0.j 
and aHCO) water type. 
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• The anal) i h \\ ed the d mi nance of odi um and chlorid in the area due to 
agricul tural ertl uent . \\ hich giv go d rea oning of high al in i t) in the tudied 
area. 
• Anal\ l s  ho\\ ed that the groundwater i not u i ted for dome tic u e due to hlah . e 
C ncentrati n of the T tal l l ardne that ha health ri k in most o[ th ample . In  
addi t ion. 1110 '1 of the ground\\ ater ample were found to be suitable for i rrigat ion. 
• T i ng isotope anal) si for X) gen and h) dr gen uggests there are tv" o zone of 
amples in the stud) area. The fi r t zone of the stud) area Vv as repre ented by mo t 
of the ground\\ ater ample located belo\\ the LMWL and to the west of the study 
area. I n this area r the tudy. 
• The i otopic emiclU11ent of oxygen and hydrogen in arid and semi -arid 
em i ronment due to the evaporation proce s. which occurs in most of the 
ample i n  the tudy. The econd zone of the tudy area is located above the 
L 1 W L  in clo prox imi l) to the orthern Oman Mountains. which reveals  quick 
infi l trat ion into the major aqu ifer of the tudy area. \'\:ithout evaporation 
5.2.  Recom mendat ions  
Governmental agencie and Environmental authorities have implemented many efforts 
regarding groundwater conver at ion and sustainabi l ity .  Periodic assessment for 
groundwater i s  considered one of the main strategies used to find better management 
regulat ion . 
Agricu lture sector should  be managed better to have sustainable groundwater 
consumpt ion .  For better management. the go ernment hou ld :  
• Develop a strategic plan for improving the qual ity of groundwater. 
• Implementat ion of strict regulat ion regarding pumping of groundwater and 
decrease the dri l l ing of unauthorized new wel ls .  
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• Implementat ion of -trict rul for u inh fert i l i zer based on their quant it ie and 
types. 
• omplete moni toring and peri dic te t ing of groundv. ater. \\ hich wi l l  help u to 
gain  better under tanding the be t u e of the grollndv., ater. 
• Educating the farm ov. ner and a l l  \\ orkers a ociated with farming on health 
hazard and not repeat ing pre\ ious wrong pract ices. 
• Ensure that the publ ic i educated and made aware of the importance of the future 
of \\ ater ustainabi l i t) . 
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6 1 74370 7 . 74 
6 1 74248 8 
6 1 7 1 426 7 .5 1 
6 1 68833 7.95 
6 1 6477 1 7 .95 
6 1 5 7800 7 . 5 7  
6 1 649 1 6  7 .78 
6 1 68221 7 .97 
6 1 7009 1 8 .04 
6 1 8 1 3 03 7 . 8  
6 1 80992 8.29 
6 1 8 1 045 8.24 
6 1 8 1 1 92 7. 92 
6 1 78930 7.68 
6 1 8389 1 8 . 1 8  
6 1 59742 7.63 
6 1 57435 7.53 
6 1 63442 7.9 1 
6 1 772 1 0  8 . 1 2  
6 1 79299 8 . 1 
6 1 80 1 95 7 .99 
3 1 . 1 
3 1 . 5 
3 ') . 8  
3 3 . 7  
3 2 .9 
36.') 
34 
35.5 
34 . 1 
3 2 . 8  
" � J _ . J  
3 7 . 5  
3 2 . 8  
3 3 .6 
3 1 . 1  
36.9 
34.3 
� ... , J J ._ 
34.2 
' ') , J_._  
3 2 . 5  
30.9 
3 1 . 5 
3 3 . 1 
3 7 . 1 
34 
40.3 
3 3 . 8  
3 2 . 3  
3 5 . 8  
3 3 . 8 
3 1 .3 
30 
3 3 .4 
3 5 .4 
34 
34.8 
pS/cm 
, , , • 
1 8 1 8  985 . 76 
1 1 86 63 7 .0') 
600 3 1 7  
6 1 6  3 ")2 .6') 
845 447.4 
">630 1 3 8 1 . 1  
950 499.5 
')490 1 3 1 1 . 8 
1 1 46 603 .7')  
1 549 8'6.68 
'430 1 3 1 0. 1  
1 1 70 60 1 .9 
2088 1 1 1 9. 1 6  
1 289 682.48 
1 3 77 74 3 . 1 4  
5 540 '932.8 
52 1 0  ') 807.2 
1 82 1  97 1 .1 1  
9040 493 ' . 8  
3360 1 8' 4 . 7  
3 800 2063 
1 2800 724 1 
49 1 0  2 70 1 .2 
2530 1 3 60.6 
2670 1 3 9 1 .9 
4560 2 4 5 5 .2 
1 2 54 634.28 
1 966 1 045 .62 
805 3 8 2 .6 
3 7 80 1 999.6 
1 2 86 679.52 
1 0800 6056 
1 3 200 7544 
5520 2996.4 
2 500 1 3 3 7  
3 240 1 732 .3  
2560 1 3 5 7 . 2  
B. M aj o r  a t ion  
�1I1  1m iID rJ-7 �b. 
I I R - I  6 ...lS2 1 0S . S43 
H R -2 4.S4 1 8 3 . 7 76 
I I R-3 2 . 767 43 .2 1 7  
H R -4 3 . 1 8-1 42 .S 1 8  
H R -5 4 .293 54.002 
I I R-6 1 1 . 779 270.004 
H R - 7  4 . 3 70 42...l50 
I I R-8 8.257 1 3 6. 697 
H R-9 4.905 1 1 3 .462 
I I R- I O  9.440 1 70.232 
I I R- I l 1 5 .340 3 1 5 .393 
H R- 1 2  6 . 5 84 99.275 
H R- 1 3  1 4 .059 774.956 
H R- 1 4  9.967 I I 1 .629 
H R- 1 5  6.077 1 07.3 1 3  
H R- 1 6  1 3 . 1 1 6 428 .596 
H R - 1 7  24.9 1 9  5 8 7 . 204 
H R- 1 8  6.936 258 .663 
H R- 1 9  29.784 93 5 . 1 05 
H R-20 1 2 . 5 89 3 3 2 ...l 2 0  
H R-2 1 1 9. 3 3 2  3 3 8.982 
H R-22 4 1 .98 1 2079.870 
H R-23 22.205 436.586 
H R-24 1 3 . 546 240.234 
H R-25 9.848 1 96.905 
H R-26 1 2 .305 5 8 8.904 
H R-27 4 . 7 70 75.687 
H R-2 8 6.064 1 74 .606 
H R-79 3 .908 54.680 
H R-30 9.43 1 242.390 
H R-3 1 5 . 869 1 44.064 
H R-32 3 2 . 7 2 1 1 603 . 1 1 0 
H R-33 49.68 1 1 94 1 .2 1 0  
H R-34 20.507 594 .805 
H R -3 5 1 3 . 7 3 3  228 .994 
H R-36 9. 802 224 . 649 
H R-37 1 0.434 1 53 . 605 
� 
72 .973 
3 4 ...l85 
2 13 34 
20. 1 22 
3 2 .3 7 1  
1 03 . 1 69 
34.777 
1 0-1. 1 79 
29.3 1 9 
32 .74 1 
34.657 
29.389 
34 .990 
36.762 
4 1 .896 
1 99.383 
1 42 .52 1 
26.097 
3 8 8 .636 
1 1 8 . 534 
1 62 .970 
244.06 1 
264.9 1 5  
96.683 
80.835 
1 07 . 1 73 
3 5 .482 
45. 5 5 9  
20.780 
1 5 8 .093 
2 8 . 909 
3 2 5.954 
3 7 1 . 734 
2 1 5 . 873 
63 . 1 50 
98.837 
95 .588 
mB 
1 0-1 . 7 1 4  
48.259 
25 .86 1 
2 7 .479 
3 7 .3 74 
1 34 . 802 
4 1 ...l22 
1 3 9. 1 46 
2 5 . 869 
4 1 .592 
72 .242 
32 .32 1 
63 .347 
3 7. 72 1 
7 1 . 5 5 7  
3 1  1 . 636 
2 2 1 .650 
29.826 
456.782 
1 46.997 
1 52.309 
307.887 
208.236 
1 08 .938 
1 04.9 1 6  
1 06.469 
42. 520 
85 .302 
30. 869 
227.6 1 5  
36. 1 1 4 
348 .737 
390.863 
1 62 .570 
1 1 5 . 7 1 5  
1 72 .242 
1 34 . 546 
86 
87  
c .  M aj o r  A n ion  
�[])) rN1 ®1 I"',frr'" 
I I R - I  1 9 1 .597 76.04 1 95 .2  
I I R-2 J 2 1 .066 92 A64 268.4 
I I R -3 53 .674 43 .629 23 1 . 8 
H R -4 60. 2 5 7  3 8 . 293 207A 
I I R-5 1 1 3 . 756 57.383 2 1 2.28 
I I R-6 860.349 348.502 45 1 .4 
H R -7 1 36.585 49. 1 84 207,4 
H R - 8  466.645 1 63 . 763 1 83 
H R -9 1 63 . 7 7 1 73.565 402.6 
H R- I O  2 1 4 .882 1 3 2 .232 3 5 3 . 8  
H R - I I 3 8 1 . 2 1 3  242.474 244 
H R- 1 2  1 34 .962 1 04.473 280.6 
I 1 R- 1 3  30 1 .657 1 96.2 1 8  427 
H R- 1 4  1 98 . 3 86 95. 1 69 236.68 
H R- 1 5  1 5 5 .' 3 9  1 3 3 .4 1 5  3 5 3 . 8  
H R - 1 6  1 1 36.296 484.57 1 200.08 
H R- 1 7  882.599 6 1 2 . 1 34 280.6 
H R- 1 8  1 84 . 5 3  209. 1 8 8 427 
H R- 1 9  1 654.35 1 467.229 207.4 
H R-20 6 1 4 . 755 3 3 8 . 1 3 2 1 95.2 
H R-2 1 62 1 .36 559 .046 1 83 
H R-22 3269.872 1 2 1 2.3 1 95 . 2  
H R-23 1 1 78 .6 1 1 326.099 1 5 3 . 72 
H R-24 3 3 7 .93 1 374 .069 234 .24 
H R-25 447.856 1 48. 047 1 83 
H R-26 939.857 4 1 l .0n 2 7 8 . 1 6  
H R-2 7 1 93 . 8 1 1  53 .079 1 95.2 
H R-28 302.566 248.4 268.4 
H R-29 87 .899 67.599 2 1 9.6 
H R-30 640. 8 1 2  699.3 1 7  23 1 .8 
H R-3 1 1 69. 1 49 1 03 .239 305 
H R-32 2 5 5 5 .83 1 276.436 1 90.32 
H R-33 3649. 1 1 4 1 04 1 .984 2 36.68 
H R-34 1 349.3n 320.45 1 1 46.4 
H R-35 352 .725 23 1 .07 244 
H R-36 560.532 1 29. 862 207.4 
H R-37 4 1 8 . 756 1 3 1 .434 1 83 
8 
D. T race M eta l  a nd i t rogen 
Sample ID  AI As Ba Cd Co Cr Cu Fe M n  
I I R - I  0 02 0.009 0.265 0.0 1 6  0.005 0.074 0.02 1 0.0 1 7  0.0 1 7  
H R-2 0.0 1 0 .009 0.096 0.005 0.0047 0.039 0.008 0 .0 1 7  0.003 
H R-3 0.0 1 0 053 0.042 0.00 1 0.005 0.03 5 0.006 0 .0 1 7  0 .00 1 
H R -4 0.0 1 0.009 0.046 0.00 1 0.005 0.035 0.007 0 .0 1 7  0.00 1 
I ! R-5 0.0 1 0.009 0. 1 62 0.00 1 0 .005 0.05 1 0 .003 0 .0 1 7  0.00 1 
H R-6 0.0 1 7  0. 1 3 2 0.23 1 0.00 1 0.005 0.033 0.003 0.043 0.008 
H R-7 0 .0 1 0.009 0 . 1 49 0.00 1 0.005 0.0-12 0 .007 0.0 1 7  0.009 
H R-8 0.0 1 0 . 1 02 0.223 O.OO J 0.005 0.06') 0.0 1 1 0.045 0.002 
H R -9 0.0 1 0.009 0.08 0.003 0.005 0.0')9 0.003 0.0 1 7  0.002 
H R- I O  0.0 1 0.009 0.078 0.003 0.005 0.03 0.003 0.')83 0.0 1 
H R - I I 0.0 1 0.009 0.057 0.00 1 0.005 0.06 0.003 0.057 O.OO? 
H R - 1 2  0.0 1 0.009 0.084 0.00 1 0.005 0.078 0.003 0.0 1 7  0 .009 
H R- 1 3  0.0 1 0.009 0.077 0 .003 0.005 0.055 0 .0 1 5  0 .0 1 7  0 .009 
H R - 1 4  0.0 1 0.009 0.097 0.00 1 0.005 0.068 0 .009 0.0 1 7  0 
H R- 1 5  0.0 1 0.032 0. 1 -13 0.00 1 0.005 0.03 1 0.00') 0.0 1 7  0 .009 
H R- 1 6  0 .0 1 7  0.009 0 . 1 3 9 0.002 0.005 0.049 0 .003 0 .903 0.007 
H R- 1 7  0 .005 0 .04 1 0.04 7 0.00 1 0.005 0.064 0 .006 0 . 1 39 0 .006 
I I R- 1 8  0.0 1 0.089 0 .038 0.00 ] 0.005 0.023 0 .00-1 0 .0 1 7  0.00 1 
H R- 1 9  0 .026 0.009 0.065 0.00 1 0 .005 0.057 0 .007 0.026 0 .004 
H R-20 0 .003 0.06 1 0. 1 99 0.00 1 0.005 0.086 0 .007 0.002 0.007 
H R-2 1 0 .0 1 -1  0.009 0. 1 9  0.00 1 0.005 0. 1 08 0.005 0 . 1 73 0. 00 1 
H R-22 0.0 1 0.009 0.065 0.00 1 0.005 0.067 0.005 0.054 0.002 
H R -2J 0.03 0.029 0.268 0.00 1 0.005 0.082 0.0 1 2  0.005 0.007 
H R-24 0 .004 0.075 0.06 1 0.00 1 0.005 0.05 8 0 .007 0 .0 1 7  0 .00 1 
H R-25 0.004 0 .009 0.204 0.00 1 0.0054 0.067 0.005 0.03 5  0.002 
H R-26 0.0 1 4  0 .009 0.073 0.00 1 0.005 0.03 8 0.003 0.02 1 0.00 1 
H R-n 0.0 1 0 .009 0.079 O.OO J 0.005 0.049 0.003 0.004 0.00 1 
H R-2 8 0.008 0.009 0 . 1 09 0.00 1 0.005 0.079 0.005 0.0 1 7  0.005 
H R-')9 0.0 1 0.009 0.039 0.00 1 0.005 0.053 0.003 0.0 1 7  0.00 1 
H R-30 0.0 1 0.03-1 0 .086 0.00 1 0.005 0 . 1 23 0.006 0.0 1 1 0.00 1 
H R -3 1 0.0 1 0.009 0.088 0.00 1 0.005 0.043 0 .003 0.007 0.00 1 
H R-32 0.03 0.059 0.097 0.00 1 0.005 0.07 0.008 0.025 0.002 
H R-33 0.034 0.009 0.084 0.00 1 0.0075 0.05 1 0.007 0 .0 1 7  0.055 
H R-34 0.0 1 0.009 0. 1 6  0.00 1 0.005 0 . 1 2  0.007 0 .007 O.OO J 
H R-35 0 .0 1 0.009 0.068 0.00 1 0.005 0.08 0. 0 1 1 0.0 1 5  0.002 
H R-36 0.0 1 0.009 0 .2 5 7  0.00 1 0.005 0.078 0.009 0.004 0.00 1 
89 
Sample ID Mo N i  P b  Sr V Zn Br F �OJ 
H R- 1  0 045 0.0 1 6  0.025 4 .8 1 6  0.0 1 7  0.00 1 1\ A  � 3 5 ' .683 
I � R -2 0 039 0.003 0.0 1 1 2 .239 0.007 0.00 1 ]'iA N A  1 04.049 
H R -3 0.0 1 7  0.003 0.0 1 1 1 . 1 44 0.005 0.00 1 _" A 0.09 1\1 A 
H R -4 0.0 1 8  0.003 0. 0 1 1 1 . 1 98 0.003 0.00 1 N A  0 .069 � 
H R-5 0 008 0.003 0.0 1 1 1 . 8 8  0.007 0.00 1 0. 143 0.07 1 N A  
H R -6 0.0 1 8  0.003 0.0 1 1 4. 906 0.003 0 . 1 97 2 . 845 0. 1 1 8 568.066 
H R- 7  0 0 1 8  0 003 0.0 1 1 2 .053 0.007 0 .00 1 0.3 1 9  0.062 40.2 1 1 
H R -8 0 004 0.003 0 .0 1 1 5 . 5 5 2  0.005 0 .00 1 1 . 34' _N A 1 03 .999 
H R -9 0.0 1 3  0.0 1 5  0.0 1 1 1 . 79 0 .007 0.00 1 0.39 1 0 . 7 5  ] I  .005 
l l R- I O  0 .0 1 7  0.0 1 6  0.0 1 1 2 . 29 1 0.008 0.00 1 0,46 0 . 1 63 � A  
H R - I I 0 .0 1 8  0.003 0.0 1 1 3 A43 0.005 0 . 00 1 0 .96 1 0 .2' 1 N A  
H R - 1 2  0.0 1 1 0.003 0.0 1 1 2 .25 1 0.0 1 3  0 .00 1 0 .275 0.3 1 3  6.276 
I I R- 1 3  0.0 1 8  0.003 0.0 1 1 2 .993 0.006 0.00 1 0.684 0. 1 67 N A  
H R- 1 4  0 .0 1 8  0.003 0.0 1 1 2 ,426 0.003 0.00 1 OA96 0.709 � A  
H R- 1 5  0.0 1 8  0.007 0.0 1 1 3 .067 0.003 0 .00 1 0..+ 0.064 8 5 . 3 1 
H R - 1 6  0.0 1 8  0.0 1 7  0.0 1 1 1 3 . 5 5 8  0.004 0 . 762 3 .964 N A  1 1 7 . 148 
H R - 1 7  0.0 1 8  0.0 1 9  0.038 1 0.992 0.002 0 . 5 3 7  2 . 5 1 8  � A  '4'.277 
H R - 1 8  0 .006 0.003 0.0 1 1 1 . 504 0.002 0 . 1 85 0 .367 0. 1 06 40 .095 
H R - 1 9  0 .0 1 8  0.0 1 4  0.0 1 1 1 6 . 8 5 7  0.003 0 . 1 7  4 ,477 N A  396.235 
H R-20 0.0 1 8  0.003 0.0 1 1 6 .888 0.003 0.295 1 .523 � A  1 80 . .+07 
H R-2 1 0 .0 1 8  0.003 0.0 1 1 7 .873 0.003 0 . 1 87 1 .644 N A  1 97.845 
H R -22 0 .005 0.003 0.0 1 1 25 A45 0.0 1 1 0 .00 1 2. 854 l'I A  1 1 9 . 1 82 
H R-23 0 .0 1 8  0.003 0.06 1 1 .3 4  0 .003 0 .025 1 . 848 �A ]�8.02 
H R-24 0 .0 1 8  0.003 0.0 1 1 5 . 2 3 7  0.003 0 .00 1 1 .024 N/A 1 76.3 1 2  
H R-25 0 .0 1 8  0.003 0.0 1 1 5 . 1 3 8 0 .003 0.0 1 3  1 . 1 3 7  J'lIA 1 84 . 5 1 8  
H R-26 0.0 1 8  0.003 0.0 1 1 5 A95 0.002 0.0 1 2  1 .494 N'A Ji'A 
H R-27 0.0 1 8  0.003 0.0 1 1 2 A45 0 .003 0 .00 1 0.602 0.067 1 9 .245 
H R-28 0.008 0.003 0.0 1 1 4.364 0 .003 0.00 1 0.80 1 J'lIA 49.263 
H R-29 0 .0 1 8  0.003 0.0 1 1 1 . 643 0.003 0.00 1 0. 1 76 0.062 1 0. 1 69 
H R-30 0 .0 1 8  0.003 0.0 1 1 9 .933 0.003 0.08 1 . 884 N A  1 9A87 
H R-3 1 0.0 1 8  0.003 0.023 2 . 5 9 1 0.003 0.00 1 O.·D 0. 1 23 1 8 . 707 
H R-32 0.0 1 1 0.003 0 .0 1 1 1 8 . 689 0.007 0 . 1 08 4.874 N/A 234.62 
H R-33 0.0 1 8  0 .003 0.0 1 1 46.23 1 0.007 0 .00 1 6 N A  1 1 3 .27 1 
H R-34 0.0 1 8  0.0 1 2  0.0 1 1 1 4 . 8 5 8  0.008 0.05 1 0 .9 1 N,A 1 20 .337 
H R-35 0.0 1 8  0.003 0 .0 1 1 6.4 1 6  0.003 0 .06 0.945 N/A 2 5 0 . 767 
H R-36 0.0 1 8  0.003 0.0 1 1 8.636 0.003 0.084 1 .424 J'iA 403 A03 
